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Preface

Historically, control technology has focused its attention on minimizing
the deviation of a variable from some set point arbitrarily given by others.
While this pursuit has occupied many engineers and scientists for sizeable
portions of their careers, it represents only part of the problems faced n
the successful operation of a plant. Oddly enough, the practicing control
engineer has far more influence over plant operations than his job respon-
sibility would seem to allow. In fact, a proficient control engineer can
squeeze more production out of limited plant equipment and can contribute
more to reducing operating costs than almost any other individual in the
plant.

If control technology is so restrictive. then how can a control engineer
contribute so much to plant operation? The answer lies in the means that
he must take to achieve his goal of effective control over important plant
variables. If the controls are applied with little understanding of how the
plant functions or what it needs, they will perform poorly, and the operators
will not use them. The most effective control system is an embodiment of
the characteristics of the process being controlled, including its failings and
limitations, its interactions and demands. In a good marriage, the plant and
its controls will work as one, to the delight and satisfaction of manager
and operator alike. But this is not easily achieved. To design the control
system that effectively matches the plant requires an understanding of the
plant rivaling that of the plant's designers, operators, and manager.



X Preface

It is then not surprising that a control engineer may know more about
the plant than perhaps any other individual associated with it. In such a
role he may be called upon frequently to advise the plant manager on how
to increase productivity or reduce costs-even to the point of modifying
process equipment or altering operating procedures. In this guise, the con-
trol engineer has expanded his practice beyond the limits of what is com-
monly accepted as control technology-through his understanding of the
process being controlled.

In this book, the author expands his horizons to include subjects not
commonly in the domain of process control. The "systems" concept is used
throughout, encompassing an ever-broadening sphere of influence. As an
illustration, control of main steam pressure in a power plant is not restricted
to manipulation of the turbine throttle valve or fuel to the burners. Such a
narrow point of view contributed measurably to our impending energy
shortfall. The characteristics of the turbine must be considered from a
thermodynamic standpoint-the throttle valve robs the steam of much of
its available work. Boiler efficiency must also be examined, along with the
availability of waste fuels and energy impounded in storage. Consideration
must also be given to balancing the demand for shaft work against heat
usage to maximize the utilization of the energy released by combustion.
While the first consequence of this sort of perspective will be the imple-
mentation of energy-conserving control systems, ultimately it should have
an influence on plant design and even contractual relationships between
buyer and seller.

Processes involving energy conversion are placed at the forefront of this
book. But they cannot be intelligently examined without an introduction to
the oft-ignored and rarely understood "second law of thermodynamics."
Were it not for a reassessment of the relationships between energy and work
in light of the second law, the author would have comparatively little to
contribute to "Energy Conservation through Control". But by equating
irreversibility and loss in available work. the second law casts light on
customs and practices that by their nature waste energy. After digesting
Chapter I, the reader should have little difficulty recognizing those customs
and practices, and becoming motivated toward avoiding, eliminating, or
minimizing their continuation. The author's recommendations in the areas
of combustion control and particularly steam plant management are a
natural consequence of applying these principles. Long established tradi-
tions such as constant-pressure operations and desuperheating by blending
must be replaced by control methods that are equally effective in protecting
equipment and maintaining production without the waste normally asso-
ciated with control. The benefits are still more pronounced when these con-
cepts are applied to the control of rotating machinery in the subsequent
chapters on compressors and refrigeration units.

Preface Xi

A large section of the book is devoted to mass-transfer operations be-
cause much, if not most, of the energy consumed in process plants and
refineries is allocated to separation and purification. Here, the second law
again applies, in that the energy content of raw feedstocks and refined
products is often equal. The principal value of the products then lies in their
purity, which requires work to achieve. Purification or separation then has
a work-equivalent, and product-quality control is directly convertible into
energy utilization.

The last part of the book addresses energy use in buildings. A large
portion of the nation's energy is consumed in providing heat, ventilation,
air-conditioning, and domestic hot water. It does not require a degree in
architecture or civil engineering to realize how poorly planned and organized
these systems are in modern office buildings. Heating and cooling, lighting
and shading, are generally conducted concurrently in the same space. The
result is not only waste but even discomfort for the occupants. Building
design desperately needs a complete reevaluation-greater use of atmo-
spheric cooling and natural lighting are essential to comfort and minimized
dependence on fuels. Solar energy can play a major role in supplying
building needs, and though in its infancy, the technology for its utilization
is advancing rapidly, with production of usable components already begin-
ning. No present-day book on energy would be complete without including
this available, nonpolluting, timeless resource.

Let me express my sincere appreciation for the help of Marilyn Clark
who typed the manuscript and Leo Paananen for his artwork.
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Chapter

1

Thermodynamics and
Energy Conservation

The.first law o f t/lermodyllamics tells us that in any isolated system energy
is naturally conserved. The physicist J. P. Joule was able to heat water in an
insulated vessel by stirring, by an electric current, by cooling a compressed
gas, and by friction between iron blocks, on a quantitative basis. Thus he
established that the energy released by hydraulic, pneumatic, electrical, and
mechanical systems is all convertible into heat.

Since energy is never lost, how then can it be in short supply? The answer
is that energy is not in short supply-in fac t, it is quite abundant, although
little orit is in a usable form. Consider the earth as an isolated system (which
it is not, in that it absorbs radiation from the sun which it ultimately re-
radiates into space). All of the fossil fuels stored on earth at any given time
represents an inventory of high-level energy, which may be released by
combustion. If it were all to burn at once, the net energy content of the
(isolated) earth would not change-the environment would increase n
temperature to a degree corresponding exactly to the release of energy by
the fossil fuels. We would have spent all our stored high-level energy only to
raise the temperature of our environment. Without losing any actual quantity
of energy, we would nonetheless be "energy bankrupt."

Energy at a level equal to that of the environment is useless for doing
work. On a cold winter day, air at a temperature 0f90°F would be welcome,

3



4 I. Thermodynamics and Energy Consenation

because we could heat our homes with it. Yet on a hot summer day, that
same air would be useless. because of its equilibrium with the environment.
The value of a particular form of energy is then determined by its level
(temperature) relative to that of the environment. Chilled water at 40 F is
useful for refrigeration, while hot water at 120°F is useful for washing; but
mix them together and the blend has little value.

Then the term "energy conservation" needs to be qualified if it is to be
meaningful to our national effort. We could strive for "fuel conservation,"
and this terminology may satisfy most of our criteria. Yet a common denom-
inator relating all forms of energy-fuels, electricity, steam, solar radiation,
etc., is desirable to quantify our conservation effort. This common denom-
inator is thermodynamics. By applying e second law of therlllod nwillics. it
is possible to evaluate the usefulness of any given form and level of energy.
Moreover. the efficiency of the process consuming that energy may be
determined, which can lead the way to its improvement.

While Joule was able to convert work quantitatively into heat, the reverse
is comparatively difficult. The second law of therlllodyllalllics states that
heat cannot be completely converted into work i a cyclic process (ie., some
residual heat will remain unconverted). The reason for this limitation is that
equilibrium can only be approached by the flow of heat and/or mass from a
higher to a lower energy level. These relationships can best be appreciated
by introducing the concepts of entropy and availability.

A. CONSERVATION OF AVAILABLE WORK

Energy is useful in two forms: heat and work. Work is the superior form
because it can be converted completely into heat, while the reverse is not
possible. Only a portion of the heat energy in a fluid is convertible into work
in a complete cycle, depending on:

(@) the initial and final states of the fluid. and
(b) the thermodynamic efficiency of the process.

A greater amount of work can be extracted from a given mass of a very hot
fluid (e.g., steam) than from a cooler fluid even though its quantity is sufficient
to contain the same net energy relative to its surroundings. Fuel gas can be
used to drive a turbine or heat a home; while air at 120 F can heat a home
its temperature is not high enough to drive a turbine. Consequently, fuel
gas should not be used to heat homes, but reserved for those processes which
can make best use of its available work. Conversely, home heating can be
accomplished using fluids containing little available work, such as solar-
heated water or turbine-exhaust steam.

A. Conservation of Available Work 5

Fluids at elevated temperature and fuels yielding combustion products
having elevated temperatures are then much more valuable than their
enthalpy alone would indicate. A fair measure of their value is their available
work, by which they can be compared to electrical or mechanical energy,
which are directly convertible to work.

To illustrate the concept of conserving available work, consider a power
plant fired with oil, sending electricity to a nearby community. Let the
homes i the community also be heated with oil. By the nature of the fluid
cycle n the power plant, only about 35% ofthe energy in its fuel is convertible
to electricity, the rest being rejected to the surroundings. At the same time,
the residences are rejecting a certain amount of energy to the surroundings
as heat loss. If the waste heat from the power plant were used to heat homes
n the community, an equivalent amount of fuel could be saved. But if the
homes were treated electrically, a far worse situation would develop, in that
the power plant must consume nearly three times as much fuel as the homes
would need to satisfy their heating requirements.

The use of fuel for heating alone results in loss of its work content, which
i the power plant cycle is 35% of its energy content. But the use ofelectricity
for heating alone results in 100% loss in its work content. Electricity is more
profitably used to drive motors, or to power electronic equipment. By
weighing sources of energy on the basis of their available work, we may
more efficiently allocate their use, and ultimately conserve energy.

The processes wherein energy is used or converted may also be evaluated
as to how effectively they conserve work. All processes are subject to physical
limitations such as friction. But some processes are theoretically very
efficient while others are not. While the physical limitations can only be
minimized by careful fabrication, etc., processes which are inherently in-
efficient are to some extent avoidable. In fact, many processes are purposely
made inefficient to allow them to be controlled, as brakes are used to control
a car. Some of these losses can be avoided altogether, and many more can
be reduced. But an understanding of the concept of thermodynamic in-
efficiency is prerequisite to defining the problem.

1. Available Work and Reversible Processes

A process in which the state of a fluid is changed by applied work, and
which can produce the same amount of work by returning to its original
state, is a reversible process. An example of a reversible process is an ideal
compressor acting on an ideal gas. Work applied to the compressor can
raise the pressure and temperature of the gas. If the system is perfect, ie,
without friction or heat loss, expansion of the gas to its original state can
produce exactly the same amount of work as was used to compress it. While
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frictional and heat losses and fluid nonideality will, in practice, result in
less work being recovered than applied, the compression-expansion process
is at least theoretically reversible.

But if the compressed gas is instead expanded through an orifice and
cooled to its original state, no work is recovered. The operations of expansion
through an orifice and heat transfer are theoretically irreversible. After an
introduction to the thermodynamic concepts relating heat and work, it will
be possible to identify those processes which, by nature, are irreversible.

Consider the heat engine shown in Fig. I.1 It is theoretically impossible
to convert all of the energy in the hot fluid into work. But the maximum
conversion for any given change in state will be achieved in a reversible
process. The amount of heat that & rejected if the process is reversible &
identified as QR, with the maximum work represented by Ht;

Yl;= R - I'H a.n
Recognize that the fluid undergoes a reduction in enthalpy, such that -1'1H

is, in fact, positive. By convention, work done by a fluid is positive whereas
heat released by it is negative.

Hot fluid

+  Work
a Heqt rejected
----- lo environment
a T,
Cold fluid
H2 T2
Fig. [.I.  Only part of the energy in a hot fluid is convertible to work-the remainder must

ultimately be rejected to the environment as heat.

The minimum amount of energy which must be given up as heat & related
to the entropy change which the fluid undergoes:

dQg = T dSy 12)

This relationship is expressed in differential form because the absolute
temperature 7 of the fluid changes continuously. In a purely reversible
process, the entropy of the system including both the working fluid and the
environment is constant. Therefore, their combined changes total zero:

ISy + t.Sp = O 13)

A. Cnngervalinn of Availahle Work 7

Because the environment is assumed to have a constant absolute temperature
T, its increase in entropy varies directly with the amount of heat absorbed,

Qo:

iSo = Qo/To = -Qr/To (1.4)

Substituting (1.3) and (I 4) into (I.I) yields the available work as a function
of the entropy change in the fluid:

W. = T tSR - t.H (15)

The available work in a perfect gas as a function of its temperature 7,
elevated above the environment can be developed to illustrate the signifi-
cance of temperature. If the gas gives up all its enthalpy, coming into equilib-
rium with the environment at 7 then

tH= Cy(Ty- T (16)

where Cr is the heat capacity of the gas at constant (atmospheric) pressure.
The entropy lost by the gas in cooling to the temperature of the environ-
ment i the integral of Eq. (1.2):

g.stf i'g—R (L7)
Since
dQg =C_dT 18)
Eq. (13) is solved as
Sk = f;r’ocp%T =C vlr;_lli-‘: (19)

By combining (15), (16), and (1.9), it &s possible to determine the theoretical
maximum conversion of heat into work as the ratio of W,to -t..H:

W,/-t..l": 1+ [TO(TI - To)] s TO’T1 (110)

The solution to Eq. (1.10) as a function of temperature difference of the hot
fluid above an environment at 60°F (520°R) & given in Fig. 12

Recognize that this curve represents the maximum amount of work
attainable from an ideal gas at constant pressure, applied to a reversible
heat engine. All real fluids and real processes will produce less work. It will
be most useful in estimating the available work in the products of combustion
which are used to drive a turbine, heat a boiler, etc. When a real working
fluid such as steam or propane b encountered, more exact estimates of
available work can be made using tabular data of its thermodynamic
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Fig. 1.2 This curve describes the maximum work that can be recovered from an ideal gas
in cooling to an envir t at 60 F.

properties. Nonetheless, Fig. 12 clearly describes the value assignable to
high-level (ie., high-temperature) energy sources. Maximum plant efficiency
can only be achieved when energy is allocated in such a way as to match its
availability to the needs of the process.

2 Entropy as a Measure of Irreversibility

Friction i the mechanical parts of the heat engine irreversibly converts
shart work into heat. Then the actual work delivered by the engine is less
than the available work of the fluid:

w= Q-/1H (1.12)

This is a restatement of Eq. (I. 1) with actual work and heat substituted for
available work and reversible heat.

If the initial and final states of the fluid are the same as when the heat

engine operated reversibly, the entropy lost by the fluid is also the same-

entropy is a property of state. Therefore, the increase in Qabove Q indicates

that the entropy of the environment has changed more than the entropy of
the fluid, giving a net increase in system entropy S:

NS = /ISy + 65> 0 (1.12)

A. Conservation of Available Work 9

and the work delivered is a function of the entropy gained by the environ-
ment:

W= -T 1S,- /H (1.13)

Consequently the loss in available work is directly proportional to the net
increase in the entropy of the system:

W.-w=rT,/s (1.14)

The effect of friction can then be quantified as an increase in system entropy.
Conservation of available work therefore consists in minimizing the entropy
increase in any process. hence minimizing its irreversibility.

3. Entropy and Disorder

Entropy is also considered a measure of disorder in the physical world.
Physical systems have a natural tendency to equilibrate. Mountains fall,
valleys fill, water flows downhill, vapors escape, materials corrode and
decompose-all physical systems tend toward random distribution and dis-
order. These processes are all irreversible, increasing the entropy of the
world. Only living systems are capable of proceeding from disorder to order.
The photosynthesis of water and carbon dioxide into vegetable material,
which is subsequently digested by animals into tissue, bone, and waste, are
examples of living systems creating order out of randomness. Both energy
and intelligence are needed to reduce entropy. A bottle broken by accident
or mischief represents a natural irreversible process. Constructing or re-
constructing a bottle requires a plan, skill. and energy as both work and heat.

Our reserves of fuels such as coal, oil. and wood were made by living
systems (vegetable matter) drawing on solar energy. So ultimately all our
energy came from and will come from the sun, and in turn be reradiated into
space. The entropy of the world continues to increase as the energy from the
sun i distributed into space.

Much of our fuel is expended i creating or restoring order-construction,
agriculture, synthesis, refining, mining, fabrication, weaving-the examples
are countless. These processes will use fuel most efficiently as they approach
reversibility, and as their products are used reversibly. For example, alumi-
num is made from its ore i an electrolytic process. If scrap aluminum (such
as cans) is simply discarded or buried, the electrical work put into forming
the metal is lost. If the scrap is recycled, only a small fraction of the original
energy must be used to return it to mint condition. The aluminum was given
order in being formed from the ore; that order is entirely lost if the metal is
mixed with other debris in a landfill. However, most of the order can be
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retained by returning the used metal for reconstitution. Recycling efforts
such as this can save huge quantities of fuel, and must be pursued on a
worldwide basis.

4. Identifying Irreversible Processes

Irreversible processes are characterized by the free fall, and the slip from
order into disorder. Every expenditure of energy in which work is not
recovered is irreversible. Flow always proceeds from a higher to a lower
level. If work is recovered from that flow, then the flow can be reversed-at
least in part-by applied work. But if no work is extracted by that flow, the
process is completely irreversible.

A body falls reversibly in proportion to how much work is recovered from
its loss in potential energy. Ifit falls freely, with its energy dissipated as heat,
sound, fracturing, etc., the process is completely irreversible. If it lifts an
equal weight an equal distance, the process is completely reversible-but we
know that it cannot happen. Even in the absence of friction, there would be
no driving force to produce motion. Hence, truly reversible processes must
not only be ideal, they must also proceed at zero rate.

By this token, irreversibility increases with rate. For a given resistance,
rate increases with driving force; consequently, irreversibility also varies
directly with driving force. While Fig. 12 indicates that the percentage of
available work i a perfect gas increased with driving force (7 - To), this
curve describes a reversible process. Associated with any real process are
irreversibilities, all of which increase with increased driving force. As a result,
the work lost by increasing entropy increased with driving force, such that
an actual-work curve will tend to depart more from the available-work curve
as T1- T, increases.

An ordered state has bodies and fluids isolated and therefore unable to
interact with each other. When released, elevated bodies tend to fall, vapors
tend to escape, and fluids tend to blend-all without doing work. This
tendency to seek a common level without doing work is characteristic of all
systems lacking intelligence. The change from order to complete disorder
(equilibrium) maximizes the entropy of the system. All processes which
approach equilibrium without doing work are then irreversible. There are
three general classes ofirreversible operations found in the process industries:

(1) mixing of fluids having different compositions or temperatures,
() transfer of heat,
() flow offluids through resistive devices.

Each of these operations is individually described below, with the increase
in entropy and hence the loss in available work expressed mathematically.
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B. Mixing Is Irreversible il

B. MIXING IS IRREVERSIBLE

Picture a balloon filled with helium, rising in the air. The balloon is
punctured and the helium escapes. The irreversible nature of this process is
revealed by the sound accompanying the release of gas. Yet there is a second
irreversible process taking place ‘which does not necessarily contribute to
the sound-the mixing of helium with air. That mixing is irreversible should
be obvious in that it produces no work, while its antithesis-separation-
requires work.

Distillation is used extensively to separate and purify volatile liquids. In
most distillation units, the raw feed and the refined products ultimately
enter and leave at the same state. The refined products contain no more
energy than the feed, yet energy is needed to make the separation. The
intrinsic value of each product then resides in its composition, and energy
is needed to obtain that value.

The antithesis of separation is mixing. If work is required to make a
separation, then work is quantitatively lost whenever fluids having different
compositions are combined. This Joss in work may be determined from the
entropy of mixing.

1. The Entropy of a Mixture
Denbigh (1) gives the entropy of a mixture of ideal gases as

S= Iiﬂl/ (C,In T - Rlnpl) (L15)

where Sis the entropy per mo! of mixture, F the mols of mixture, F; the mols
of any component i in mixture, C, the specific heat at constant pressure for
component j T the absolute temperature, R the gas constant, and p, the
partial pressure of component i In an ideal-gas mixture, the mol fraction
x of each component is the ratio of its partial pressure to total pressure p.
Then we may substitute

B =xp (1.16)
which gives

1
S=FLF,(CpIn T- RhX- Rhp (117)

Furthermore, the number of mols of each component F, equals its mol
fraction multiplied by the total mols of the mixture:

F,= xF (1.18)
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When this expression is substituted into (1.17), we have
S = LX;(C,'n T - Rlnx, - Rinp) (1.19)

The contribution of the composition itself to the entropy of the mixture &
singled out to evaluate the effects of mixing under conditions of constant
temperature and pressure:

S, = -R2),;Inx] (1.20)

Observe the double-valued function x;Inx;, which 5 common to many
thermodynamic and also statistical relationshi,; [see Eq. (1.10)]. As x;
approaches zero and unity, the function approaches zero. It & plotted in
Fig. 1.3, along with its sum for a binary mixture.

OB
S.
R=-L..x;Ilnx1
-~ 06 |
-
-
o
u
o F -xinx,
(&)
kY
3
[}
g 02
1 1 & 1
0 0.2 0.4 0.6 0B 10

Mole fraction of one component t,

Fig. 1.3. The entropy of a binary mixture changes rapidly with composition al either
extreme. reaching a maximum at equimolarity.

While the maximum entropy & reached in an equimolar mixture, the
change in entropy with composition i most pronounced as purity is ap-
proached. Equation (1.20), evaluated for the binary system

S, = -R[xlnx +( - x)In(l - x)] (1.21)
i differentiated to give
dS,fdx = - RIn[x/(1 - x)] (1.22)

The derivative & evaluated for conditions approaching absolute purity in
Table 11. This relationship should indicate the work required to improve
the purity of a product, and the ease with which it is contaminated.

8. Mixing Is Irreversible 13

Table I.I

The Change in Eull'opy or a Binary
Mixture as a Function or Purity

x ° S,/R ds,/R dx.
0.10 0.325 220
001 0.056 4.96
10-3 791 X 10-> 691
10- 102 X [0-J 921

Multicomponent mixtures cannot be described graphically as easily as a
binary system because of their many degrees of freedom. Nonetheless, the
effects of additional components can be appreciated by observing the
maximum value of the function - Ix;Inx,, which occurs in equimolar
mixtures. Table 1.2 lists these values for mixtures up to 10 components.

Table 12

The Maximum Values for tlie Function
-I:.r, I x, for (Equimolar)
Multkomponent Mixtures

n -Ix;lnx; n -Ix,lInx,
2 0.693 5 1.609
3 1.099 7 1.946
4 1.386 10 2.302

2. Mixing for Quality Control

Controlling the composition of products leaving a separation process
such as distillation, by adjusting its material and/or energy balance, &
difficult The distribution of internal capacities causes severe delays in
response, such that much effort has been expended in improving control (2).
By contrast, quality control by mixing is responsive and predictable. Conse-
quently, there & a temptation to mix overpure and underpure products in
order to exactly meet a given specification.

Mixing may be practiced in a separations unit in a number of ways. Raw
or partially refined material can be allowed to bypass the unit to adjust the
composition of an overly purified product. A second possibility & the mixing
of products from two parallel units to average their purity. Or the product
from a single unit may be mixed with material of a different composition
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When this expression is substituted into (1.17), we have
S = Ix;(CPln T - Rlnx; - Rinp) (1.19)

The contribution of the composition itself to the entropy of the mixture is
singled out to evaluate the effects of mixing under conditions of constant
temperature and pressure:

S = -Rix;lnx; (1.20)

Observe the double-valued function x)nx;, which is common to many
thermodynamic and also statistical relationships [see Eq. (1.10)]. As X
approaches zero and unity, the function approaches zero. It is plotted in
Fig. 1.3, along with its sum for a binary mixture.
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Mde froctlon of a® component x,

Fig. 1.3. The entropy of a binary mixture changes rapidly with composition at either
extreme, reaching a maximum at equimolarity.

While the maximum entropy is reached in an equimolar mixture, the
change in entropy with composition is most pronounced as purity is ap-
proached. Equation (1.20), evaluated for the binary system

Sy = -R[xlnx + (1 - x)In(l - x)] (1.21)
is differentiated to give
dS.fdx = - Rln[x/(1 - x)] (1.22)

The derivative is evaluated for conditions approaching absolute purity in
Table 1.1. This relationship should indicate the work required to improve
the purity of a product, and the ease with which it is contaminated.

B. Mixing Is Irreversible B

Table 1.1

The Chang in Entropy of a Binary
Mixture as a Function of Purity

x " S/R ds,/R dx
010 0325 220
oqQl 0.056 4%
10-- 791 X 10-3 691
10--  Jo2 X 10-3 921

Multicomponent mixtures cannot be described graphically as easily as a
binary system because of their many degrees of freedom. Nonetheless, the
effects of additional components can be appreciated by observing the
maximum value of the function - Ix;lnx;, which occurs in equimolar
mixtures. Table 12 lists these values for mixtures up to 10 components.

Table 1.2

The Maximum Values for the Function
- l:.r, In .r, for (Equimolar)
Multicomponent Mixtures

n -1x;Inx; n -Lx,lnx,
2 0693 5 1.609
3 1099 7 1946
4 1.386 10 2302

2 Mixing for Quality Control

Controlling the composition of products leaving a separation process
such as distillation, by adjusting its material and/or energy balance, is
difficult. The distribution of internal capacities causes severe delays in
response, such that much effort has been expended in improving control (2).
By contrast, quality control by mixing is responsive and predictable. Conse-
quently, there is a temptation to mix overpure and underpure products in
order to exactly meet a given specification.

Mixing may be practiced in a separations unit in a number of ways. Raw
or partially refined material can be allowed to bypass the unit to adjust the
composition of an overly purified product. A second possibility is the mixing
of products from two parallel units to average their purity. Or the product
from a single unit may be mixed with material of a different composition
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that was produced earlier. Also, products that have failed to meet spec ifi-
cations are customarily mixed with raw feed for reprocessing. O_ccasmnal.ly,
recycle streams containing partially purified products are mixed contin-
uously with feedstocks. And the practice of introducing feeds.tock vyhose
composition fails to match that of the mixture existing at the point of intro-
duction is very common. )

When streams are mixed, the composition of the mixture is the weighted
average (represented by the bar) of the compositions of the streams in mass
or molar units:

X = "L.F/(uf LFi (1.23)

where X is the fraction of any component i in the mixture and xu is its
fraction in a stream j which is flowing at rate F,. However, the entropy of
the mixture must always be greater than the weighted average of the entropy
of the individual streams:

S > "fF;S) "tF; (1.24)

The increase in the entropy of the system brought about by mixing represents
a loss in available work, ie., a loss in the work used to attain the original
composition, .

t,S=S- 2,FS) "LF; (1.25)
which can be restated using compositions,
tS = -R["f.x;h x; - "i,(FLxu h x;)/"i,F;] (1.26)

Because of the nonlinear nature of the curves in Fig. 1.3, t,S increases
with the difference in the compositions between the mixture and the feed-
streams. Table 1.3 cites t,S for three different combinations ofbinary streams
which can be blended to form the same mixture.

If mixing is necessary, the above example indicates that the least loss in
work will be incurred when the compositions of the original streams are as

Table 1.3

The Entropy Jncrease Sustained ly Mixing to Reach f = 0.02,
Using Different Feedstocks

e 12
x F, +F, X, F;tF tS/R t.5/5®)
001 0.50 0.03 0.50 0.0026 33
0.00 0.50 0.04 0.50 0.0140 179
001 0.98 0.50 0.02 0.0290 371

T
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close together as possible. In the case of a product from a separations unit
whose composition is ¢ ycling, t,S increases with the amplitude of that cycle,
ns overpure and underpure products are combined in the receiving tank.
Mixing the products from parallel units would seem to incur relatively little
penalty, whereas bypassing the Separations unit -with even a miniscule
nmount of raw feed increases entropy considerably. Recycling produc t back
to the feed obviously wastes much of the work used to effect the separation.
Bojnowski et al. (3) reduced the energy consumed in a distillation system by
67% after eliminating four such recycle streams. But the maximum increase
in entropy possible by mixing occurs when pure streams are combined, in

which case £,S = S, . This practice wastes af of the energy put into purifying
the streams.

3. Mixing for Temperature Control

Mixing is also commonly used to achieve temperature control, in a manner
described in Fig. 14. Not only is this practiced in industrial plants, it is also
familiar at home, where hot and cold water are mixed for washing. For a
1liven flow of heat delivered to the users, the minimum amount of fuel will
he used when the bypass is closed. This relationship can be demonstrated
from both an entropy and a heat-transfer standpoint.

For a pure ideal gas at atmospheric pressure, Eq. (1.15) reduces to

S=C,InT (1.27)
Heat
Loss
Ts

__:::__t_F_z_Ti __________

Fuel

Fi

Fig. 1.4. Bypassing a heater to achieve precise temperature control wastes fuel.
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that was produced earlier. Also, products that have failed to meet specifi-
cations are customarily mixed with raw feed for reprocessing. Occasionally,
recycle streams containing partially purified products are mixed contin-
uously with feedstocks. And the practice of introducing feedstock whose
composition fails to match that of the mixture existing at the point of intro-
duction is very common.

When streams are mixed, the composition of the mixture is the weighted

average (represented by the bar) of the compositions of the streams in mass
or molar units:

x = 'Iﬁ"u/LFi (1.23) °

where X is the fraction of any component i in the mixture and Xj is its
fraction in a stream j which is flowing at rate F,. However, the entropy of
the mixture must always be greater than the weighted average of the entropy
of the individual streams:

S > L fiS)'fFj (124)

The increase in the entropy of the system brought about by mixing represents

a Joss in available work, ie, a Joss in the work used to attain the original
composition, )

tS =S - "fFSi"fF (125)
which can be restated using compositions,
LIS = - R["fx;Thx - L,(F1:X; b xi)/ " Fi] (1.26)

Because of the nonlinear nature of the curves in Fig. 13, t.S increases
with the difference in the compositions between the mixture and the feed-
streams. Table 13 cites /1S for three different combinations of binary streams
which can be blended to form the same mixture. ‘

If mixing is necessary, the above example indicates that the least loss in
work will be incurred when the compositions of the original streams are as

Table 13

The Entropy Increase Sustained by Mixing to Reach r - 0.02,
Using Different Feedstocks

F R
X E+F x E+F "SR "1S/5(%)
0.01 0.50 0.03 0.50 0.0026 33
0.00 0.50 0.04 0.50 0.0140 179
0.01 0.98 0.50 0.02 0.0290 371

B. Mixing Is Irreversible 15

close together as possible. In the case of a product from a separations unit
whose co.mposition is cycling, .S increases with the amplitude of that cycle,
as overpure and underpure products are combined i the receiving tank.
Mixing the products from parallel units would seem to incur relatively little
penalty, whereas bypassing the separations unit with even a miniscule
amount of raw feed increases entropy considerably. Recycling product back
to the feed obviously wastes much of the work used to effect the separation.
Bojnowski et al. (3) reduced the energy consumed in a distillation system by
67% after eliminating four such recycle streams. But the maximum increase
in entropy possible by mixing occurs when pure streams are combined, in

which case /IS = S,.. This practice wastes all of the energy put into purifying
the streams.

3 Mixing for Temperature Control

Mixing is also commonly used to achieve temperature control, in a manner
described in Fig. 14. Not only is this practiced in industrial plants, it is also
familiar at home, where hot and cold water are mixed for washing. For a
given flow of heat delivered to the users, the minimum amount of fuel will
be used when the bypass is closed. This relationship can be demonstrated
from both an entropy and a heat-transfer standpoint.

For a pure ideal gas at atmospheric pressure, Eq. (1.15) reduces to

§=CnT (127)

Hect
Loss

Ts

A

Fuel

F

Fig. 14. Bypassing a healer to achieve precise temperature conlrol wastes ruct.
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If streams of the same ideal gas at different temperatures are mixed. the
temperature of the mixture becomes
f = I_FiT/'[.f,
where F, is the flow rate of each individual stream whose temperature is T
As the temperatures of the two streams differ. the entropy of the mixture
will exceed the sum of the entropies of the original streams by the entropy
of mixing:

(1.28)

Y L(Fih T
£S=5- I—elgilzc,,[luf— (.‘F_ A (129)
L1 1

Following the example described in Table 13. Table 14 gives the entropy
increase caused by mixing various combinations of hot and cold streams to
arrive at a uniform temperature. Refer to Fig. 14 to identify the streams.
The last column shows the increase in entropy due to mixing as a percentage
of the increase brought about by heating the fluid from its initial to its final
delivered temperature. This additional entropy represents available work
that was lost-additional fuel needed to fire the heater must be supplied in
ar least the percentage appearing in the last column. As can be seen. the
increase in entropy is almost directly proportional to the bypass flow rate.

Table 1.4

The Entropy Increase Sustained by Mixing to Reuch f =400 F
(R60 R) with Variable Bypassing

Fl
T,(FI T, (A F +F tSC fSlis - 5)Id

100 450 0.14] 0.012R 199
500 0.250 0.0247 5.77
600 0.400 0.0461 1075

Let the heat transferred to the product be related to the flue gas tempera-
ture T, by a simple convection equation. where the heat-transfer coetlicien!
varies with the 0.8 power of flow:

Q=1L1F-8T, - T,) (1.30)

When F, is zero. Toand therefore T, are at their minimum (subscript m).
and Fpis at its maximum value of F| + F;.

0 =Kk(F, + F)’s(T m- Tzm)

C. Heal Transfer Is Irreversible 17

Since the heat transferred to the product is the same in any case. the last two
expressions are equal. such that

T, =T + (7 - Tim)[(F, + Fz)/F2]0.8 (131

Additional heat lost from the stack due to bypassing is proportional to
T - T .Table 15 relates this additional heat loss to the heat transferred
C the p'-oduct (as the difference between 3000 F flame temperature and
T,). assuming 600 F for T,m-

While the heat-transfer equations included some assumptions which may
be inaccurate. the last columns in Tables 14 and 15 are in general agreement.
Bypassing the heater raises T and reduces F . both effects promoting stack

losses.
Table 1.5

Incremental Heat Lost in the Flue Gas
Due to Mixing

. T-T .
F,+F, T,(A T(A 3000-T "

0.0 400 600 110
0.143 -150 676 32
0.250 500 752 6.8
0.400 600 901 143

C. HEAT TRANSFER IS IRREVERSIBLE

The working fluid n a heat engine must receive heat to raise it to its
maximum temperature. and reject heat allowing it to cool to its minimum
temperature. The diference between the heat received and the heat rejected
by the fluid is the work produced by the engine. Because a certain temperature
drop must be established across a heat-transfer surface proportional to heat
flow. the working fluid can never be as hot as the heat source. nor as cool as
the environment. Consequently. the work obtainable from a hot fluid will
always be less than its available work i proportion to those temperature
differences. This loss n available work is due to the irreversibility associated
with heat transfer. and is directly calculable as an increase i entropy.

I. The Entropy of Heat Transfer

In the reversible heat-work cycle. the entropy gained by the environment
n removing heat from the working fluid was exactly equal to the entropy
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If streams of the same ideal gas at different temperatures are mixed. the
temperature of the mixture becomes

y=" [ij/'i# (1.Zsi

where Fiis the flow rate of each individual stream whose temperature 5 T

As the temperatures of the two streams differ. the entropy of the mixture

will exceed the sum of the entropies of the original streams by the entropy
of mixing:

—— i jin Tj
5 S Lrlé/_ CP[hT' I(Flllf:l j)] (1.29)

! I

Following the example described in Table 13. Table 14 gives the entropy
increase caused by mixing various combinations of hot and cold streams to
arrive at a uniform temperature. Refer to Fig. 14 to identify the streams.
The last column shows the increase in entropy due to mixing as a percentage
of the increase brought about by heating the fluid from its initial to its final
delivered temperature. This additional entropy represents available work
that was lost-additional fuel needed to fire the heater must be supplied n
at least the percentage appearing in the last column. As can be seen. the
increase in entropy & almost directly proportional t the bypass flow rate.

Tahle 14

The Entropy Increase Sustained hy Mixing to Reach T = 400 F
(1160 R) with Variable B)-passing

Fl
T,(H 7,(F F,+F, /ASC 1SS - S,1(.1

100 450 0.143 0.0128 2.99
500 0.250 0.0247 5.77
600 0.400 0(1461 10.75

Let the heat transferred to the product be related to the flue gas tempera-
ture 7' by a simple convection equation. where the heat-transfer coeliicient

varies with the 0.8 power of flow:
0=k *(T,- Ty) (130)

When F, is zero, T 1and therefore T, are at their minimum (subscript ml.
and F, k at its maximum value of F; + f,:

0=kF; + F,P 8T - T,)

C. Heal Transfer Is Irreversible 17

Since the heat transferred to the product i the same in any case, the last two
expressions are equal, such that

Ts=TIl+ (T, - T2,)[(F, + F21/F2J0-8 (1.31)

Additional heat lost from the stack due to bypassing s proportional to
T, - T,m Table 15 relates this additional heat loss to the heat transferred
to the product (as the difference between 3000 F flame temperature and
T,). assuming 600 F for Tm:

While the heat-transfer equations included some assumptions which may
be inaccurate, the last columns in Tables 14 and 15 are in general agreement.
Bypassing the heater raises 71 and reduces F'p, both effects promoting stack
losses.

Table 1.5
Incremental Heat Lost in the Flue Gas
Dne o Mixing
F_ T-T
E+F T,(A T(H jox-T' "
00 AmJ 600 0.0
0.1-13 450 676 32
0.250 500 752 68
0.400 6] 90( 143

C. HEAT TRANSFER IS IRREVERSIBLE

The working fluid in a heat engine must receive heat to raise it to its
maximum temperature. and reject heat allowing it to cool to its minimum
temperature. The difference between the heat received and the heat rejected
by the fluid is the work produced by the engine. Because a certain temperature
drop must be established across a heat-transfer surface proportional to heat
flow, the working fluid can never be as hot as the heat source, nor as cool as
the environment. Consequently. the work obtainable from a hot fluid will
always be less than its available work in proportion to those temperature
differences. This loss n available work & due to the irreversibility associated
with heat transfer. and & directly calculable as an increase n entropy.

L. The Entropy of Heat Transfer

I the reversible heat-work cycle. the entropy gained by the environment
in removing heat from the working fluid was exactly equal to the entropy
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If streams of the same ideal gas at different temperatures are mixed. the
temperature of the mixture becomes
f = "i,Fj T/jj | (128)
where F i the now rate of each individual stream whose temperature & T,
As the temperatures of the two streams differ. the entropy of the mixture
will exceed the sum of the entropies of the original streams by the entropy
of mixing:

"R G 2 . T
iF;S; ¢ [h T 2,(Filn T) ]

tS="S
L1 P

(1.29)
Following the example described in Table 13. Table 14 gives the entropy
increase caused by mixing various combinations of hot and cold streams to
arrive at a uniform temperature. Refer to Fig. 14 to identify the streams.
The last column shows the increase in entropy due to mixing as a percentage
of the increase brought about by heating the fiuid from its initial to its final
delivered temperature. This additional entropy represents available work
that was lost-additional fuel needed to fire the heater must be supplied in
at least the percentage appearing in the last column. As can be seen. the
increase in entropy & almost directly proportional to the bypass !low rate.

Table 1.4

The Entropy Increase Sustained hy MhinJ! lo Reach f = 400 F
(1160 R) with \'ariablc Bi-pussinl!

F

T,1Fl T,I Fl F, + F, 8 C 6S,1S - S|11".J

100 450 0.143 0.0128 299
500 0.250 0.0247 577
600 0.400 011461 10.75

Let the heat transferred to the product be related to the flue gas tempera-
ture T, by a simple convection equation. where the heat-transfer coellicicnl
varies with the 08 power of flow:

Q= /F8(T, - T,) (130)

When F, 5 zero. T, and therefore T, are a their minimum (subscript ml.

and Fp & at its maximum value of F{+ F1.

0 =/5(F, + F, . aT,m- T.m

C. Heat Transfer Is Irresersible 17

"inee the heat transferred to the product & the same in any case. the last two
npressions are equal, such that
Ts=TL+( - Toml[(F1+ Fo)F,u°8 (1.31)

\dditional heat lost from the stack due to bypassing & proportional to
1, - Tm- Table 15 relates this additional heat loss to the heat transferred
In the product (as the difference between 3000 F flame temperature and
). assuming 600 F for T,m

While the heat-transfer equations included some assumptions which may
e inaccurate, the last columns i Tables 14 and 15 are in general agreement.
Bypassing the heater raises Tand reduces F 9, both effects promoting stack
losses.

Table 15
Incremental Heat Lost in the Flue Gas
Due to idi ini:
- T'<T““ "
F,*F T,1F  T,1F cwd-T,I’1
0.0 -HKI 6ml 0.0
0.1-13 450 676 32
0.250 500 752 6.8
0-100 600 01 1-1J

C. HEAT TRANSFER IS IRREVERSIBLE

The working fluid in a heat engine must receive heat ®© raise it to its
maximum temperature. and reject heat allowing it to cool to its minimum
temperature. The difference between the heat received and the heat rejected
by the fluid & the work produced by the engine. Because a certain temperature
drop must be established across a heat-transfer surface proportional to heat
llow, the working fluid can never be as hot as the heat source. nor as cool as
the environment. Consequently. the work obtainable from a hot fluid will
always be less than its available work in proportion to those temperature
differences. This loss in available work i due t the irreversibility associated
with heat transfer. and & directly calculable as an increase in entropy.

I. The Entropy of Heat Transfer

In the reversible heat-work cycle. the entropy gained by the environment
in removing heat f'fom the working fluid was exactly equal to the entropy
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If streams of the same ideal gas at different temperatures are mixeli, the
temperature of the mixture becomes

£=IF7/IF | tH2g)

]
where Fiis the flow rate of each in dividual stream whose temperature .is Ty
As the te mperatures of the two streams differ, the entropy of the mixture
will exceed the sum of the entropies of the original streams by the entropy
of mixin g:

"E.S- "'(F-In T-)J
tis = 5- _I_,.:iS-IZC [hf - L.(—I———I—) (129
|f-'1 P 11;

Following the example described in Table 13, Table 14 gives the entropy
increase caused by mixin g various combination s of hot and cold streams to
arrive. at a uniform temperature. Refer to Fig. 14 to identify the streams.
The last column shows the increase in entropy due to mixing as a percen ta ge
ofthe increase brought about by heating the fluid from its initial to its final
delivered temperature. This additional entropy represents available work
that was lost- additional fiel needed to fire the heater must be supplied in
at least the percentage appearing in the last column. As can be Seen, the
inc rease in entropy is almost directly proportional to the bypass flow rate.

Table J.4

The Entropy Increase Sustained by Mixing to Reuch f = 400 F
(860°R) with Variable Bypassing

F,
T,(F) T,(F F +f, 6SIC" 65/(S- S)(%)

100 450 0.143 0.0128 299
500 0.250 0.0247 577
600 0.400 0.0461 10.75

Let the heat transferred to the product be related to the flue gas tempera-
ture T. by a simple convection equation, where the heat-tran sfer coefficient
varies with the 08 power offlow:

Q= kF' S(T.' Tz) {130)

When F, is zero, T, and therefore T. are at their minimum (subscript m),
and F, is at its maximum value of £, + F;.

Q =k(F, + F2) *{T,m- Tim)

C. Heat Transfer Is Ireversible 17

Since the heat tran serred to the product is the same in any case, the last two
eXpression s are equal, such that

T,= Tz + (Im - T2m)[(F1 + F2)F2]0-9 (1.31)

Additional heat lost from the stack due to bypassing is proportional to
T, - Tm. Table 15 relates this additional heat loss to the heat transferred
to the product (as the differe nce between 3000°F flame temperature and
T,), assuming 600°F for T, .

While the heat-tran sfer e quations included some assumptions which may
be inaccurate, the last columns in Tables 14 and 15 are in general agreement.

Bypassing the heater raises T, and reduces F, both effec ts promoting stack
losses.

Table 1.5
Incremental Heat Lost in the Flue Gas
Due to Mixing
7,'” Ts: - Tsm u
E+F, T,'» T1,F) 300-T,()
0.0 400 600 0.0
0.143 450 676 32
0.250 500 752 63
0.400 600 01 143

C. HEAT TRANSFER IS IRREVERSIBLE

The working fluid in a heat engine must receive heat to raise it to its
maximum temperature, and reject heat allowing it to cool to its minimum
tempe rature. The difference between the heat received an d the heat rejected
by the fluid is the work produced by the engine. Becausea certain te mperature
drop must be established across a heat-transfer surface proportional to heat
flow, the working fluid can never be as hot as the heat source, noras cool as
the e nviron ment. Consequently, the work obtainable from a hot fluid will
always be less than its available work in proportion to those temperature
differences. This loss in available work is due to the irreversibility associated
with heat transfer, and is directly calculable as an increase in entropy.

1. The Entropy of Heat Transfer

In the reversible heat-work cycle, the entropy gained by the e nvironment
in removing heat from the working fluid was exactly equal to the entropy
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lost by the fluid. But this is only possible when the temperature difference
between the working fluid and the environment is zero. This relationship
can be demonstrated by considering how saturated steam might be condensed
by boiling exactly the same amount of water at the same pressure. The
steam would give up the same amount of enthalpy and entropy as theswater
would absorb-but only if their pressures (and temperatures) were identical.

But heat transfer between two fluids requires a finite temperature differ-
ence. As a result, the cooler fluid in absorbing the same amount of heat
given up by the hot fluid will have its entropy increased more than the
entropy of the hot fluid is reduced. Consider a fluid at T transferring a
differential amount of heat dQ to the environment at T, The loss in entropy
of the hot fluid is

dS, = dQ/T (1.32)
while the gain in entropy of the environment is
dSy,= -dQ/T, (1.33)
The n'et change in entropy for the system is
dS = dSq + dS, = -dQ(UT, - /T, (134)

Only if T, and T, are equal is dS = 0; therefore, the irreversibility of the
heat-transfer process is related to the temperature difference between the
fluids.

¢ In the special case of isothermal heat transfer between two fluids, both of
which are changing state, the integral of(l.34) approaches

lis= -Q(UT,- UT) (135)

Consider the example of steam at 10 psia condensing against water boiling
at 8 psia. The heat given up in condensing at 10 psia is 982.1 Btu/lb, whereas
the heat absorbed in vaporizing water at 8 psia is 988.5 Btu/lb. Neglecting
heat losses, 0.9935 Ib of water vaporizes per pound of steam condensed. The
entropy of condensation at 10 psia is -1.5030 Btu/lb-°F, while that of

vaporization at 8 psia is + 15384 Btu/Jb-°F. The entropy increase in the
system due to heat transfer is

t1S = 09935(1.5384) - 1503 = 0.0254  Btu/Ib-°F

Using Eq. (1.35), the entropy increase can be estimated from the condensing
temperature of 19321°F at 10 psia and the boiling point of 18286°F at
8 psia:

AS= 9821

(460 /18286~ 260 \93.21) ~ 00?42 Btu/lb-°F

C. Heat Transfer Is Irreversible 19

The fact that the increase in entropy for the real fluid (steam) is greater than
that found for an ideal fluid under the same conditions using Eq. (1.35) can
be ascribed to the nonideality of the real fluid. Every departure from ideality
will result in an increase in entropy and therefore a reduction in available
work from what theoretical considerations have predicted.

Nonisothermal heat transfer results in still greater increases in entropy,
since entropy depends on temperature. Consider condensing steam at
10 psia against cooling water. The water temperature will rise such that
/1So must be calculated by integrating Eq. (1.33) between the limits of its
inlet 7'y and outlet 7'y, temperatures:

liso = - 74 93¢ = p¢ I Toz
Jro,” o p Toi

where F is the mass of coolant of specific heat €, undergoing the change in
temperature. A heat balance on the system gives

(136)

-0 = FC(Toz- Ta) (1.37)
which allows elimination of F C, from (1.36):
ASO = 'Q[In{ToleOIy(Toz - TOI)] (138)

Then the net entropy increase for the system becomes

/S = -0 [n(To¥Ton 1] (139)

To2-Tol Tl

As T, approaches T, the left-hand term within the brackets approaches
1/To1. Table 16 indicates the departure from 1/T01 as ,, increases above
T,;. Recognize that Table 16 shows only part of the penalty due to non-
isothermal heat transfer. As the coolant temperature rises, the condensing

Table 1.6
Entropy Increase Due to Nonisothermal Heat Transfer

In(To2/T gq

10- -(x10- -{xlo0-
TR Toi- To, ('F)  To, - Toi <) Tix ) sz LY

520 1 1921 1923 1919
2 1919 1916

5 1914 1.905

10 1.905 1.887

20 1.887 1852

50 1.836 1.754




20 1. Thermodynamics and Energy Conservation

temperature T, for the working fluid also rises, further increasing the
entropy of the system.

As the heat load on the condenser is increased, S will rise with Q with
T,- T, and with Tqy,- Ty, Consequently, the irreversibility ot"aqy
uncontrolled heat-transfer process increases sharply with heat ,load;-
reversibility is approached at no load. However, the addition of controls
to regulate temperatures or pressures tends to restrict heat transfer at lower
loads by :throttling, flooding, etc., thereby artificially maintaining a high
degree of irreversibility.

Figure 15 shows examples of coolant throttling and condensate flooding
used to control the pressure within a condenser. As long as the heat load is
below the maximum that the condenser can carry at the stipulated pressure,
heat transfer must be impeded by control action. However, entropy conser-
vation requires that control not be applied-then the process will be able to
rej ect heat as reversibly as possible, thereby maximizing its thermodynamic
efficiency. This concept is explored n more detail in later chapters on
refrigeration and distillation.

While the discussion to this point has centered on heat transfer at the cold
end of the cycle, irreversibility at the hot end is even worse. Heat transfer
between combustion products and the working fluid (e.g,, steam) is conducted
across such a large temperature gradient that substantial work s lost.
Consider generating superheated steam at 1000°F by burning oil at a flame
temperature of 3000° F. From Fig. 12, the available work in the products of
coinbustion at 3000°'F & about 66% while that in the steam at 1000°F is
about 44%. (The available work i steam differs from that i a perfect gas,
although with a high degree of superheat the difference is small.)

Or consider the combustion products being sent to a gas turbine whose
high-temperature limit is 2000 F. Excess air would have to be added to
control the turbine inlet temperature at 2000°F, thereby reducing the

Vapor

Coolant Tg,

Condensote

Fig. 15. Condenser pressure can be controlled by throttling the coolant or flooding the
heal-transfer surface-both practices raise the entropy of the system.
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available work of the fluid to 59%. Although control in this case is achieved
by blending rather than heat transfer, the effect is the same. Conditions at
the hot end of the process will always contribute most to entropy increase

because of temperature limitations in heat-transfer tubing and rotating
machinery.

2. Use and Reuse of Energy

Perhaps the greatest opportunity for energy conservation in industry lies
in the multiple use of energy. The fluids having the highest temperatures and
pressures in a plant also have the highest percentage of available work.
These fluids should then be used to drive expansion engines (turbines) to
extract at least part of their available work as mechanical energy for pumps
and compressors or to generate electricity. Rather than allow these engines
to exhaust to a condenser, however, the heat remaining in the fluid should
be used for process heat. In a perfectly balanced plant, no electricity would
be purchased, and no steam would have to be condensed against cooling
water or air.

A briefanalysis of this last concept is in order. If the plant buys electricity,
that electricity is probably generated by a condensing turbine. Because the
power plant only produces work and discards its heat, its overall efficiency
cannot be as great as a plant whose work and heat are both used. If the
process plant uses more work than heat and does not buy electricity, how-
ever, it will have to either condense or vent its low-pressure steam. If its
demand for heat exceeds the demand for work, then the additional heat
should be provided by generating and selling electricity to users incapable
of generating their own. The problem ofbalancing work and heat is developed
in detail n Chapter 3. At this point, it is sufficient to conclude that work
should be extracted from high-level energy sources wherever possible.

From this standpoint, combustion of fuel that is used only for heat is
inconsistent with conservation of work. Furthermore, the conversion of
work into heat, as in electrical resistance heating, is counterproductive, and
to be avoided whenever possible.

The conversion of heat into mechanical work and thence into electrical
energy is the most visible example of attaching value to heat, but is far from
being alone. Scattered throughout industry are a variety of operations which
use energy, although without it appearing in their products. This concept
was touched upon earlier in the discussion on the entropy of mixing. The
products from any separations unit generally have the same energy content
as the feedstock-yet, because they are purer, their entropy is lower. Their

entropy is reduced by increasing the entropy of the heat-transfer media used
to effect the separation.
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Because the energy used and rejected by the process is essentially the same
quantity, it is capable of reuse, depending on its temperature. This techilique
has been practiced for years in concentrating solutions through multiple-
effect evaporation. Vapor generated by condensing steam in the first effect
is employed as the heating medium in the second effect, etc., as showri' in
Fig. 1.6. The most common installations have three effects: steam at perhaps
20 psia is supplied to the first, producing vapors at 10, S, and 2 psia, in
subsequ nt effects. Absolute pressure in the last effect is maintained with a
water-cooled condenser; a vacuum pump exhausts noncondensible gases.

Usually the solution is aqueous. Then the mass of vapor removed per
unit steam is somewhat less than the number of effects, due to heat losses
and latent heat of vaporization increasing as pressure decreases. For a given
steam supply pressure and coolant temperature, the number of effects and
hence the conversion of steam to vapor is determined by the temperature
d;rop across each heat-transfer surface. If temperature drops are reduced by
expanding heat-transfer surfaces, more effects can be employed and conse-
quently greater economy can be achieved. But the temperature differences
are due not only to heat flow but also to boiling-point elevation due to
solids concentration, and static and velocity heads. These real considerations
determine the optimum heat-transfer surface and hence the optimum number
of effects.

If steam is supplied at a higher pressure, however, the number of effects
and hence the economy of the system could increase substantially. This
procedure cannot be extended without limit, due to the temperature sensi-
tivity of many products. Nonetheless, in principle, steam at a very high
pressure could provide many more effects of evaporation than steam at low
pressure. This demonstrates that the generation of low-pressure steam by
the combustion of fuel may result in much more fuel consumption than if
high-pressure steam were generated.

To vacuum

H Elfecl 2rd Effed ath Effect
Cooling
Steam Condensate
£
Dilute feed *, Concentrated
product

Fig. 16. A multiple-effect evaporator uses the same energy several times over.
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If the average temperature drop across each effect were about 32'F,
20-psia steam could supply a triple-effect evaporator as described. Neglecting
heat losses, each pound of steam would drive off 2.88 1b of vapor. If the unit
were supplied with steam at 140 psia, seven effects could be used. Neglecting
heat losses, each pound of steam could then evaporate 6.37 1b of water.
While heat losses and other considerations will reduce its attractiveness,
the value of the higher-pressure steam is manifest in this example.

Applying the multiple-effect principle to other processes is not so easy.
Parallel distillation columns may be operated at different pressures so that
the heat rejected by one may reboil the other. Cascading of energy may also
be applied in either a forward or backward path in the serial distillation of
a multicomponent mixture. These examples are discussed in detail in the
appropriate chapters. Here the point is made that energy can be used and
reused in many common processes, given sufficient foresight, the availability
of energy at high levels, and controls which coordinate such reuse. In every
case, heat-transfer must be conducted at maximum reversibility, ie., at

minimum temperature drop. Again, controls should not interfere with this
objective.

3. An Energy Accounting System

Ifa plant is to be managed to conserve energy in whatever form it appears,
a graduated accounting system is mandatory. Steam may be worth more
than its enthalpy indicates, and the heat of combustion of a fuel does not
accurately describe its value. The example cited above bears this out: 140-
psia steam was capable of evaporating over twice as much water as 20-psia
steam, although its enthalpy is but 3% higher. Similarly, a low-Btu fuel
cannot produce the flame temperature of a higher-valued fuel, limiting the
work which may be extracted from it.

A common denominator is needed to equate all forms of energy-available
work is suggested as the accountable property. The available work in a fuel
may be evaluated from its flame temperature when burned in air at 60°F;
the absolute flame temperature would then be inserted as 7 in Eq. (1.10)
with $20'R (60" F) used as T, The relationship between flame temperature
and fuel heating value is explored in Chapter 2. Reference (4) gives the
maximum observed flame temperature of methane in air at 3416 F. Using
Eq. (1.10) with T,,= $20’R, the available work in its products of combustion
is 68.9% of its higher heating value of 1013 Btu/ft®, or 697 Btu/ft3e

Steam can be supplied at a variety of pressures and temperatures. The
available work for each condition can be determined by inserting the
appropriate data from steam tables into Eq. (LS). The reference temperature
T, would typically be 520'R, and S N would be the entropy difference
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Table 1.7

Tbe Availallle Work in Steam at Various Condltioas

Pressure Temp. Enthalpy Entropy W -wW./MI
(psia) (F) (Btu/lb) (Btu/lb-"F)  (Btu/lb) (%)
2500 1000 1458 1.527 665 46.5
1200 1000 1449 1.630 602 424

i 600 700 1352 1.584 529 40.0
400 445+ 1205 1485 433 36.8
250 401 1201 1.526 408 348

140 353 1193 1.575 375 322
100 328° 1187 1.603 354 305
30 81° 1174 1.659 312 272
20 228" 1156 1.732 256 227

- Saturated.

between its initial conditions and water at the reference of 60°F (0.056
Btu/]b-°F). Similarly, AH would be the enthalpy change from initial condi-
tions to water at 60 F (28 Btu/Ib). Table 1.7 compiles the available work for
several typical steam conditions. Observe that the percent availability of
saturated steam exceeds that of an ideal gas at the same temperature, because
it can release energy isothermally. Figure 17 relates available work to steam
pressure for conditions of saturation and 1000"F, on a logarithmic pressure
scale.
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Fig. 1.7. The available work in steam increases logarithmically with pressure up to 1500
psia, and also increases with temperature.
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It is meaningful to compare steam at various pressures and temperatures
on the basis of available work, and one fuel against another. Yet steam
cannot be compared to fuel or electricity on the basis of available work
alone. There are several reasons for this. Conversion of fuel to steam results
in stack losses and a reduction in available work as well. Furthermore,
conversion of steam to electricity encounters irreversibilities in heat transfer
and nonisentropic expansion. Additionally, power distribution losses must
be taken into account.

The "heat rate" of central-station power plants fired by fossil fuels ranges
from 9000 to 11,000 Btu of fuel consumed per kilowatt hour of electricity
generated. Using 10,000 Btu/kWh as a mean, the cost of electrical energy
ought to be 10,000/3413 or 29 times the cost of the energy in fossil fuels.
Electrical rates generally bear this out, being three to five times as costly as
fuels, depending on the particular rate structure.

Because cost information is readily available for purchased electricity,
there i generally no misunderstanding regarding its value, either purchased
or generated. Confusion arises about the value applied to steam and to
fuels relative to their quality. Individual fuels can be discriminated among
one another on the basis of available work, and steam sources can be treated
similarly. Then to convert from the work in electricity to that in steam or
fuel requires a conversion factor. If electricity is valued at 29 times the
energy content of fuel, then it could be valued at 2.0 times the available
work in methane gas, based on the percentage available work in the gas.

The conversion factor from fuel to steam is determined only in part by
the thermal efficiency of the boiler. Consider a 400-psia saturated-steam
boiler with a thermal efficiency of 75%. A single Btu of fuel would produce
0.75 Btu of steam enthalpy (above water at 60 F) but only 0.276 Btu of
available work. Compared to the 68.9% available work in the fuel, the work
efficiency of the boiler would be 0.276/0.689 or 40%. Thus low-pressure
boilers would tend to have much lower work efficiencies than high-pressure
boilers.

D. THROTTLING IS IRREVERSIBLE

In order to control a plant it is necessary to modulate its flowing streams,
either stepwise with on-off devices, or continuously by throttling devices.
Because on-off control is rarely satisfactory, being incapable of reaching
a steady state, most regulation is exercised through throttling.

Throttling is defined as a reduction in pressure accomplished without
the removal of energy, either as heat or work. It is important that throttling
be achieved with a minimum of energy loss-recognize that energy lost here
will have a destructive influence on the internals of the throttling mechanism.
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Table 1.7

The Available Work in Steam at Various Conditions

Pressure Temp. Enthalpy Entropy W. - WaH
(psia) (°FJ (Btu/lb) (Btu/lb-°F) (Btu/lb) %)
2500 1000 1458 1.527 665 46.5
1200 1000 1449 1.630 602 42.4
I 600 700 1352 1.584 529 40.0
400 445¢ 1205 1.485 433 36.8
250 401" 1201 1.526 408 34.8

" o140 353 1193 1575 375 322
100 328: 1187 1.603 354 30.5

50 281- 1174 1.659 312 27.2
20 228" 1156 1.732 256 22.7
; Saturated.

between its initial conditions and water at the reference of 60°F (0.056
Btu/1b-°F). Similarly, tiH would be the enthalpy change from initial condi-
tions to water at 60" F (28 Btu/Ib). Table 17 compiles the available work for
several typical steam conditions. Observe that the percent availability of
saturated steam exceeds that of an ideal gas at the same temperature, because
it can release energy isothermally. Figure 17 relates available work to steam
pressure for conditions of saturation and 1000 F, on a logarithmic pressure
scale.
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Fig. 1.7. The available work in steam increases logarithmically with pressure up to 1500
psia, and also increases with temperature.
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It is meaningful to compare steam at various pressures and temperatures
on the basis of available work, and one fuel against another. Yet steam
cannot be compared to fuel or electricity on the basis of available work
alone. There are several reasons for this. Conversion of fuel to steam results
in stack losses and a reduction in available work as well, Fmthermore,
conversion of steam to electricity encounters irreversibilities in heat transfer
and nonisentropic expansion. Additionally, power distribution losses must
be taken into account.

The "heat rate" of central-station power plants fired by fossil fuels ranges
from 9000 to 11,000 Btu of fuel consumed per kilowatt hour of electricity
generated. Using 10,000 Btu/kWh as a mean, the cost of electrical energy
ought to be 10,000/3413 or 29 times the cost of the energy in fossil fuels.
Electrical rates generally bear this out, being three to five times as costly as
fuels, depending on the particular rate structure.

Because cost information is readily available for purchased electricity,
there is generally no misunderstanding regarding its value, either purchased
or generated. Confusion arises about the value applied to steam and to
fuels relative to their quality. Individual fuels can be discriminated among
one another on the basis of available work, and steam sources can be treated
similarly. Then to convert from the work in electricity to that in steam or
fuel requires a conversion factor. If electricity is valued at 2.9 times the
energy content of fuel, then it could be valued at 2.0 times the available
work in methane gas, based on the percentage available work in the gas.

The conversion factor from fuel to steam is determined only in part by
the thermal efficiency of the boiler. Consider a 400-psia saturated-steam
boiler with a thermal efficiency of 75%. A single Btu of fuel would produce
0.75 Btu of steam enthalpy (above water at 60°F) but only 0.276 Btu of
available work. Compared to the 68.9% available work in the fuel, the work
efficiency of the boiler would be 0.276/0.689 or 40%. Thus low-pressure

boilers would tend to have much lower work efficiencies than high-pressure
boilers.

D. THROTTLING IS IRREVERSIBLE

In order to control a plant it is necessary to modulate its flowing streams,
either stepwise with on-off devices, or continuously by throttling devices.
Because on-off control is rarely satisfactory, being incapable of reaching
a steady state, most regulation is exercised through throttling.

Throttling is defined as a reduction in pressure accomplished without
the removal of energy, either as heat or work. It is important that throttling
be achieved with a minimum of energy loss-recognize that energy lost here
will have a destructive influence on the internals of the throttling mechanism.
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As a consequence, users of throttling devices may have considered thefll to be
loss-free, hence bearing little importance to any energy-conservation effort.
This is, of course, false. While they may not waste energy directly, they Jose
available work, with the result that the energy passed is less useful. Ultim.atcly,
the result is wasted energy.

1. Isenthalpic versus Isentropic Expansion

The piessure in a stream may be reduced with or without the extraction
of work,, If no work is extracted, and no heat is lost, the pressure reduction
is isenthalpic, in that the enthalpy of the fluid is unchanged. If the enthalpy
of the fluid is reduced by extracting work reversibly, the pressure reduction
is isentropic. In this case, the maximum amount of work is extracted, in
perfect contrast to the isenthalpic case. In any real engine, friction and
fluid nonfdealities will limit the reversibility of the process, so that less than
the maximum work may be extracted. The efficiency of converting available
work to actual work is a measure of the reversibility of the process. This
concept was demonstrated by Eq. (1.14).

The degree of reversibility in an expansion process can be seen by referring
to a temperature-entropy diagram such as Fig. 1.8. Steam expanding
reversibly through an engine will follow a vertical downward path of constant
entropy. Observe that superheat is lost during the expansion, which can
continue into the mixed-phase region. Therefore, a turbine which is expected
to extract a maximum amount of energy from the steam must be capable
of discharging a certain percentage of liquid.
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Fig. 1.8. Isentropic expansion of superheated steam can cause condensation, whereas
isenthalpic expansion (throttling) increases superheat.
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Any irreversibility will cause the expansion path to slope to the right.
When the discharge pressure corresponding to the temperature of the heat
sink is reached, less enthalpy will have been lost to the engine than in the
reversible expansion. The loss in enthalpy is still equal to the amount of
work extracted, to satisfy the energy balance across the engine, but less work
is extracted. A real turbine will have an efficiency factor 0f70-80%), meaning
that it is capable of extracting 70-80% of the enthalpy which the steam
would lose in isentropic expansion.

Expansion through an orifice or throttling device follows a contour of
constant enthalpy. For a given pressure drop, temperature falls only slightly
compared to isentropic expansion. Because its temperature falls much less
than the pressure, steam expanding isenthalpically becomes more super-
heated, in contrast to isentropic expansion, where superheat decreases.
Superheated steam is a poor heat-transfer medium, having a relatively low
film coefficient, and cannot transfer heat isothermally. Yet saturated and
wet steam are excellent for heat transfer, having a high coefficient along with
isothermal heat transfer. Consequently, turbine-exhaust steam is excellent
for process heat. O n the other hand, steam that has been let down to a reduced
pressure through a regulator or control valve is superheated and therefore
not as valuable for heating.

Isentropic compression follows the same vertical line as expansion be-
cause one of these processes is the reverse of the other. (There is no reverse of
isenthalpic expansion because it is an irreversible process.) Just as expansion
through an engine reduces superheat, compression increases it. Furthermore,
some compressors are designed to accept vapors containing a few percent
liquid, just  turbines can exhaust vapor with a few percent liquid. Com-
pressors are typically 70-75% efficient, such that their path deviates from
the vertical in the T-S diagram slightly to the right (increasing entropy).
As with expansion, all the work applied to the compressor appears in the
enthalpy of the fluid, although not all as available work of the compressed
fluid, due to its increase in entropy.

When the working fluid for an engine is saturated steam, substantial
amount of moisture will condense in the turbine unless its efficiency is low.
If no vapor were to condense, the expansion path would have to follow the
saturated-vapor contour, at considerable loss in work. Most turbines
designed for saturated steam exhaust some moisture, such that their expan-
sion path lies between the saturated-vapor curve and the vertical.

The maximum efficiency of a saturated-vapor Rankine cycle will be
realized when the turbine exhaust is also saturated. This requires that the
saturated-vapor curve slope negatively enough to match the turbine efficiency
in the operating region, as shown in Fig. 1.9. Some organic fluids have a
positive-sloping saturated-vapor curves, also appearing in Fig. 1.9. Their
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Fig. 1.9. The optimum fluid for a Rankine cycle will have a saturated-vapor curve that

matches the expansion curve for the engine (a). Most organic fluids exhibit a positive slope (b)
and will be exhausted in a superheated state.

vapors will leave an engine superheated and hence will not condense effi-
ciently. Refrigerants 113 and 114 have this positive slope (S). Others, such as
Refrigerant 11 and propane have a nearly vertical slope, while still others
such as Refrigerant 22 and methanol slope slightly negative.

On the liquid side of the T-S diagram, pumping and flashing can be
illustrated as in Fig. 1.10. Raising liquid pressure isentropically by a pump
causes the liquid to be subcooled at its higher pressure. Ex.pansion of sat-
urated liquid through an engine releases a certain amount of vapor. Because
ofthe large difference in volume between liquid and vapor, flashing of vapor
in an engine increases local velocities to the point where two-phase flow can
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Fig. 1.10 Isenthalpic expansion (throttling) of saturated water flashes slightly more vapor
than isentropic expansion, indicating a small loss in available work.
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cause damage. Consequently, the recovery ofpower by depressuring a liquid
cannot be carried out under conditions where much vapor will be formed.

[fa saturated liquid is passed through a valve, more flashing to vapor will
occur than in isentropic ex.pansion as shown in Fig. 1.10, but a valve can
accommodate vapor more easily than an engine. Consequently, refrigeration
systems use a valve to expand the condensed refrigerant. If an expansion
turbine could be used, some ofthe power of compression could be recovered,
and less of the refrigerant would flash to vapor. Thus the efficiency of the
cycle could be improved considerably-unfortunately expanders designed
for saturated liquids are not available.

Loss in available work in liquids can be estimated from the integral of the

pressure-volume product. Because they are scarcely compressible, that
product is simply

MV, =uAp (140)
When volume is expressed in cubic feet and pressure in pounds per square
foot, their product is foot-pounds, which, multiplied by 1.286 x 10-3, gives
Btu. For aflowing system, the volumetric flow rate may be used for v in
which case A »: represents a loss in available power.
The: volume of a compressible fluid changes with pressure, however, so
that in the isothermal expansion ofan ideal gas, L\(w) = 0. Then the loss in
work can be determined on the basis on an entropy increase, per Eq. (1.14):

-W=T IS (114)

When a gas is expanded isenthalpically, its temperature may change
according to the Joule-Thompson coefficientp:

. :WIH (141)

However, in an ideal gas, g = 0, in which case temperature is constant.
Then Eq. (1.15) may be differentiated for one mole of a pure gas to give

R
: =—— (142)
T P
For isothermal expansion of an ideal gas, then
dj
ds= -r-? (143)
P
and
IS =-R In(p,/p,) (144)

where p, and p, are inlet and outlet pressures, respectively.
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The isenthalpic expansion of steam at 1200 psia and 1000°F to 1000 psia
can be used to illustrate this relationship. If it were an ideal gas,

1987 Btu/lb mol-°R L(IOOO)-
2

Hs= ——p Ib/Ib mo! 1200

0.0201 Btu/Ib-°R

and

: - W= (520'R)tiS = 1047 Btu/Ib

The steam tables indicate, however, that expansion is not isothermal, such
that the final temperature reached is 989°F . Entropy data for those conditions
indicate an increase of 0.020 Btu/lb-°R- essentially the same result as
obtained for an ideal gas.

2. Selecting Control Valves

While many procedures have been written describing methods for sizing
control most begin with given inlet and outlet pressures. Only in
rare instances are these pressures actually constant, and still less often are
they selected for optimum performance of the process.

The control valve must work in concert with the piping, vessels, and prime
mover in each stream. In general, the vessels are specified first, then the
piping designed for an optimum combination ofcapital and operating costs.
Next, the pump or compressor is selected assuming that the control valve
will add a certain increment to the system pressure loss. The value of that
increment is usually assigned on an arbitrary basis, from 5 to 33% being
common. Once the prime mover is specified, the power lost through the
control valve is already determined. Recognize that, at any given flow, the
mover will develop a certain head, part of which is absorbed by the fixed
resistances of the vessels and piping, the balance being taken across the
valve. Changing the valve without changing the prime mover will then not
affect the work lost by the valve.

The control valve needs to be sized before the prime mover, rather than
later. And its allowable pressure drop needs to be determined on the basis of
control rangeability, rather than being assigned arbitrarily. If too little drop
is available across the valve, its effect on the process will vary appreciably
with flow, and control can be inconsistent. Exactly where this point occurs
depends on the rangeability required by the process and the installed
characteristic of the control valve.

The flow ofliquid passed by a control valve is related to pressure drop by
the formula

F=aCJJt /p (145)
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vyhere Fis the flow (gpm), a the fractional valve opening, c. the flow coeffi-
cient, ti, the pressure drop (psi), and p the fluid density (g/ml). (A comparable
formula exists for gases, taking into account their compressibility.) If ti

were constant, flow would be directly proportional to valve opening. Howp-
ever, ti, tends to decrease with flow squared, due to the resistance in vessels
piping, and pump internals. Then the pressure drop available to the controf
valve decreases from a maximum ti, v at zero flow:

tip = tipw - p(F/C,)? (146)
where C, is the lumped flow coefficient of the fixed resistances. Equation
(146) can also be written for maximum flow Fy corresponding to a wide-
open valve, in which case ti, would be the minimum tipm. Dividing (146)
evaluated at any flow F by itself evaluated at Fy eliminates p and C,:

(F/FM)? = (tpM - tip)/(tiyy - tip) (147)
Similarly, (145) can be written for Fy, in which case a= 1and tip= tj
Dividing (145) by itself o pP=tl,m
g y itself evaluated at F; eliminates p and c.:
(F/EM)? = a?tip/tip,, (148)

When Eqs. (147) and (148) are combined by eliminating tip, the fractional

ﬂo_wl F/FM can be related to fractional valve opening a and the ratio of
minimum to maximum pressure drop:

1
Fu - T4 (tpn Aipw)A a2~ D)

(149)

Curves of fractional flow versus fractional valve opening are shown in
Fig. 1.11.

If the valve has a linear characteristic, ie. fractional valye opening q is
equal to fractional stem position m then Fig. 111 is illustrative ofits installed
characteristic. If a linear installed characteristic is desirable using a linear
valve, then the valve would have to absorb most of the system pressure drop.
From an energy conservation standpoint, this type of operation would be
wastefull for most streams normally encountered in a plant. The most
appropriate course is then to choose another valve characteristic which
when installed, will result in a more linear relationship between stem osition'
and flow. b

The valve chosen to perform this function has an "equal-percentage”

characteristic. It is Jogarithmic in nature, having the following relationship
between valve opening and stem position:

a= r<m-1) (150)
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The isenthalpic expansion of steam at 1200 psia and 1000°F to 1000 psia
can be used to illustrate this relationship. If it were an ideal gas,

1987 Btu/Ib mol-°R

IS = ==/ md

hrggey = 00201 Bu/b-"R

and
W, - W=(520R) /S = 1047 Btu/lb

The steam tables indicate, however, that expansion is not isothermal, such
jthat the final temperature reached is 989°F . Entropy data for those conditions
indicate an increase of 0020 Btu/lb-°R- essentially the same result as
obtained for an ideal gas.

2. Selecting Control Valves

Whilf: many procedures have been written describing methods for sizing
control valves, most begin with given inlet and outlet pressures. Only in
rare instances are these pressures actually constant, and still less often are
they selected for optimum performance of the process.

The control valve must work in concert with the piping, vessels, and prime
mover in each stream. In general, the vessels are specified first, then the
piping designed for an optimum combination of capital and operating costs.
Next, the pump or compressor is selected assuming that the control valve
will add a certain increment to the system pressure loss. The value of that
increment is usually assigned on an arbitrary basis, from 25 to 33% being
common. Once the prime mover is specified, the power lost through the
control valve is already determined. Recognize that, at any given flow, the
mover will develop a certain head, part of which is absorbed by the fixed
resistances of the vessels and piping, the balance being taken across the
valve. Changing the valve without changing the prime mover will then not
affect the work lost by the valve.

The control valve needs to be sized before the prime mover, rather than
later. And its allowable pressure drop needs to be determined on the basis of
control rangeability, rather than being assigned arbitrarily. If too little drop
is available across the valve, its effect on the process will vary appreciably
with flow, and control can be inconsistent. Exactly where this point occurs
depends on the rangeability required by the process and the installed
characteristic of the control valve.

The flow ofliquid passed by a control valve is related to pressure drop by
the formula

F = aC"Jllp/p (145)
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vyhere Fis the flow (gpm), a the fractional valve opening, C. the flow coeffi-
cient, 11, the pressure drop (psi), and p the fluid density (g/ml). (A comparable
formula exists for gases, taking into account their compressibility.) If |

were constant, flow would be directly proportional to valve opening. Howli
ever, li; tends to decrease with flow squared, due to the resistance in vessels
piping, and pump internals. Then the pressure drop available to the controi
valve decreases from a maximum lip v at zero flow:

lip = lipm - p(F/C)? (146)
where C, is the lumped flow coefficient of the fixed resistances. Equation
(146) can also be .written for maximum flow F corresponding tp a wide-
open valve, in which case li, would be the minimum /ipm. Dividing (146)
evaluated at any flow F by itself evaluated at Fy eliminates p and C,:

(F/F) = (M - lip)/(lipu - lip,n) (147)

Si_m.ile?rly, (145) can be written for Fy, in which case a= | and 1. =1i. .
Dividing (145) by itself evaluated at F,, eliminates pand C": ’ B

(F/FM)2 = a2 11, Ml,m (149)
When Egs. (147) and (148) are combined by eliminating 1i, the fractional
ﬂqw F/Fy can e related to fractional valve opening a and the ratio of
minimum o maximum pressure drop:
F 1
Fy = J1+ inm/lip M)O/az -7

(149)

Curves of fractional flow versus fractional valve opening are shown in
Fig. 111
If the valve has a linear characteristic, ie, fractional valve opening a is
equal to &agtlonal stem position m, then Fig. 111 is illustrative ofits installed
characteristic. If a linear installed characteristic is desirable using a linear
valve, then the valve would have to absorb most of the system pressure drop.
From an energy conservation standpoint, this type of operation would be
wasteful' for most streams normally encountered in a plant. The most
3v[}>1pr0prlate course is then to choose another valve characteristic which
en installed, will result in a more linear relationship e
) t‘N
. P between stem position
The valve chosen to perform this function has an "equal-percentage”

characteristic. It is logarithmic in nature, havin | ; ;
) g the following relationsh
between valve opening and stem position: g relationship

a= »Im-l)

(150)
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The isenthalpic expansion of steam at 1200 psia and 1000°F to 1000 psia
can be used to illustrate this relationship. If it were an ideal gas,

1987 Btu/Ib mol-°R

! - ]n = I _O
15 B b/bmo D EHGS = 00201 Bru/b-"R
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£ W, - W =@G20'R)LS = 1047 Btu/lb

The steam tables indicate, however, that expansion is not isothermal, such

. that the final temperature reached is 989 F. Entropy data for those conditions

indicate an increase of 0020 Btu/lb-°R- essentially the same result as
obtained for an ideal gas.

2. Selecting Control Valves

While many procedures have been written describing methods for sizing
control valves, most begin with given inlet and outlet pressures. Only in
rare instances are these pressures actually constant, and still less often are
they selected for optimum performance of the process.

The control valve must work in concert with the piping, vessels, and prime
mover in each stream. In general, the vessels are specified first, then the
piping designed for an optimum combination of capital and operating costs.
Next, the pump or compressor is selected assuming that the control valve
will add a certain increment to the system pressure loss. The value of that
increment is usually assigned on an arbitrary basis, from 25 to 33% being
common. Once the prime mover is specified, the power lost through the
control valve is already determined. Recognize that, at any given flow, the
mover will develop a certain head, part of which is absorbed by the fixed
resistances of the vessels and piping, the balance being taken across the
valve. Changing the valve without changing the prime mover will then not
affect the work lost by the valve.

The control valve needs to be sized before the prime mover, rather than
later. And its allowable pressure drop needs to be determined on the basis of
control rangeability, rather than being assigned arbitrarily. If too little drop
is available across the valve, its effect on the process will vary appreciably
with flow, and control can be inconsistent. Exactly where this point occurs
depends on the rangeability required by the process and the installed
characteristic of the control valve.

The flow of liquid passed by a control valve & related to pressure drop by
the formula

F=aC"jll, /p (145)
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where Fis the flow (gpm), a the fractional valve opening, c. the flow coeffi-
cient, Li, the pressure drop (psi), and p the fluid density (g/ml). (A comparable
formula exists for gases, taking into account their compressibility.) If /1,
were constant, flow would be directly proportional to valve opening. How-
ever, 1lp tends to decrease with flow squared, due to the resistance in vessels,
piping, and pump internals. Then the pressure drop available to the control
valve decreases from a maximum !lp,, at zero flow:

1, = llpw - p(F/C)’ (146)
where C, is the lumped flow coefficient of the fixed resistances. Equation
(146) can algo be written for maximum flow F,, corresponding to a wide-
open valve, in which case Lip would be the minimum 1}, m Dividing (146)
evaluated at any flow F by itself evaluated at Fy eliminates p and C,:

E/FM)? = WUpy - Lp)lpw - flp,) (147)
Similarly, (145) can be written for Fy, in which case &&= land 1, = ll;m
Dividing (145) by itself evaluated at F eliminates p and C":

(F/Fu)? = a1y iym (119

When Egs. (147) and (148) are combined by eliminating li,, the fractional
flow F/Fy can be related to fractional valve opening a and the ratio of
minimum to maximum pressure drop:

F I
Fy =01 + (Ap,//iow)(1 /2% - )

Curves of fractional flow versus fractional valve opening are shown in
Fig. 111

If the valve has a linear characteristic, ie, fractional valve opening a is
equal to fractional stem position m, then Fig. 111 & illustrative ofits installed
characteristic. If a linear installed characteristic is desirable using a linear
valve, then the valve would have to absorb most of the system pressure drop.
From an energy conservation standpoint, this type of operation would be
wasteful for most streams normally encountered in a plant. The most
appropriate course is then to choose another valve characteristic which,
when installed, will result in a more linear relationship between stem position
and flow.

The valve chosen to perform this function has an "equal-percentage”
characteristic. It is logarithmic in nature, having the following relationship
between valve opening and stem position:

&= ,<m-1)

(149)

(150)
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Fig. 11t. The characteristic ofa linear valve is distoned in inverse proponion to its fraction
of total system head loss.

where r is the valve's stated rangeability. Manufacturers list rangeability
ratings for their valves, with figures of 33 and SO being common, although
500 and even 1000 have been cited. A plot of flow versus stem position for
the parameters of Fig. 1.11 can be obtained by solving (1.50) for selected
values of m then solving (1.49) for values of a thus found. The results are
plotted in Fig. 1.12 for a valve with a rangeability or 50,

Figure 1.12 indicates that an equal-percentage valve is capable of providing
an installed characteristic that is nearly linear, when comparatively little
pressure drop is allocated to it at maximum flow. However, the rangeability
is reduced in proportion to the pressure-drop allocation. At full flow, the
drop is only llp,, while near zero flow it increases to !lp,,. The installed
rangeability of the valve is then

r, = rJlp, /'lp,, (1.51)

For the valve plotted in Fig. 1.12, the rangeability is reduced from 50 to 112
when only 5% of the system drop is allocated at full flow. In most cases, this
provides adequate control, however. Then a power savings of 25% can be
realized by selecting the valve and prime mover for 5% allocated pressure
drop versus a nominal 30%. Whether it is worth attempting to lower the
allocated pressure drop below 5% is questionable-that may be the point of
diminishing returns.

T
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Fig. 1.12. An equal-percentage valve with a

) rangeability of 50 g .
installed characteristic when allotted as little as . M ¢an provide a nearly linear

5% of the total system pressure drop.

Even those situations where a pump has been oversized (allowing for too
pluch drop across the control valve) are not beyond correction. If the valve
is large enough, as indicated by excessive throttling even at full flow, the
pump impeller may be shaved to the point where the valve operates cl,oser
to fully open. If necessary, a larger-size valve can be installed with th
characteristic changed from linear to equal percentage. ’ ‘

Quite often, an installed equal-percentage characteristic is
becz.u}se of certain nonlinear properties of the process (6). In this event, th
adl;l‘lttmn of an external characterizer may be necessary, using B alf
;ref.l (f72)11')’ function generator, or a multiplier or divider as described jn

Some work is proceeding in the area of using power-recovery turbines 3
control valves (8). While this is a commendable goal, it would seem to be
bey.ond the sphere of control valve manufacturers. [nstead the process
designer should specify the power-recovery equipment nee(ied topﬁt his

plant, and then let control valves be selected to resulate .
efficiently as practicable. J that equipment as

desirable

3. Minimizing Throttling

When a valve is closed, it develops no power loss because flow is zero.
And at full flow, its power loss is low because pressure drop is at its minimum.
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Fig. 1.13. The throttle valve reduces the available work delivered to the turbine.

Valve losses will be found to pass through a maximum generally between
50 and 75% of full flow.

As an example, consider the high-pressure steam turbine with its throttle
valve shown in Fig. 1.13. In general, the turbine-inlet pressure p1 is directly
proportional to steam flow, while the throttle pressure p, is held constant
by the boiler control system. Typically, for throttle conditions of 2400 psia
and 1000°F in a central-station power plant, the turbine-inlet pressure at
full rated flow would be about 1600 psia. Table 18 shows the entropy
increasing at the turbine inlet as the fractional steam flow is reduced by
closing the throttle. When the loss in available work per pound of flowing
steam T, AS is multiplied by the fractional flow F/ ), ethe result is the work
lost referred to the flow F), at full load. If multiplied by the rated full load of
the plant in pounds per hour, the lost power in Btu/per hour can be estimated.
Observe that the lost power passes through a maximum in the vicinity of
60%]load.

A similar relationship may be prepared for liquid-phase systems using
the equations already developed. A rearrangement of Eq. (147) can provide
a solution for Ap which, when multiplied by F, gives lost power. This lost

Table 1.8

Loss in Available Work in Steam as a Function of Flow to the Turbine

Ffa p, (psia) S, (Btu/lb-"R) T, 8.S (Btu/lb) T, 1S F/Fy (Btu/lb)

1.00 1600 1.574 20,3 20.3
0.80 1280 1.597 32,2 25.8
0.60 960 1.627 47.8 28.7
0.40 640 1.669 69.7 279
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power can.be normalized by dividing by maximum flow and pressure drop
to give

F ApfEMAPM = (F/Fy)[1 - (1 - Apw/Apu)(E /Fu)?] (152)

The solution to (152) is plotted in Fig. 1.14. Here again, power loss tends to
peak slightly above 50% flow.

To minimize power losses, throttling should be minimized. This requires
that valves be operated in either the closed or fully open position. Since
there can be no production with all the valves closed, a plant should operate
with all valves open. However, this practice would result in loss of all regu-
lation. As a compromise, control schemes should be devised that allow
most valves to operate nearly full open, but with some margin remaining
to exercise control. In the case of the steam turbine, an open throttle at
reduced load requires that boiler pressure not be maintained constant, but
vary with the load. This technique, called "sliding-pressure operation,"
can save significant quantities of energy in steam plants, and in fact is appli-
cable to other processes as well. It is already being used in distillation-
column control (9).

In the chapters which follow, each control valve installation is examined
to determine if its position can be maximized without losing control of the
plant. In some cases this can be accomplished within a single control loop,

0 ~
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Fig. 114 In a liquid-phase system, the peak power loss through the control valve varies
with the pressure allocated to it.
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but most applications will require inter-loop coordination. In every ca e, the
requirements of the process for control of quality and quantity must. be
satisfied first.
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Combustion Control
Systems

Much of the fuel that is consumed in industrial boilers, furnaces, and kilns
is wasted because the combustion process is not carefully controlled. Typi-
cally, much more than the minimum flow of air is used, to avoid hazards
and smoke emission. While this mode of operation is safe, it may be far from
economical. The control problem is further complicated when waste fuels
of varying composition are introduced for disposal and to recover their
heating value.

Air pollution control is another important aspect of combustion. Some
undesirable products of combustion, such as sulfur dioxide, cannot be
avoided and must be removed external to the combustion process. Others,
such as unburned hydrocarbons, carbon monoxide, and the oxides of
nitrogen, can be controlled by proper adjustment to fuel-air ratio and flame
temperature. The intricate relationships among all these factors are discussed
below, leading to a development of control systems which can optimize the
performance of the combustion process.

A, CONTROLLING FUEL FLOW

The useful output of the combustion process is heat resulting from the
oxidation of fuel. Hence the first item of importance in achieving control
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over the energy user, whether it be a boiler, gas turbine, or kiln, is the accl,Irate
manipulation of fuel flow.

Naturally, each fuel has its own particular characteristics, related not only
to its physical state but also to its chemical composition. Accurate metedng.
on a heat-flow basis depends on the physical properties of the fuels at-
flowing conditions, and their chemical makeup. These properties are
evaluated for gaseous, liquid, and solid fuels, as they apply.

1. Gaseous Fuels

The mst common gaseous fuel is natural gas, contamrng typically
75-95% by volume of methane. Other constituents include ethane, propane,
and butanes in order of decreasing concentrations, with butanes representing
less than 0.5% by volume. The heavier hydrocarbons tend to be more
valuable as petrochemical feedstocks, and are therefore being increasingly
extracted from the gas prior to distribution. Contaminants include typically
less than 1% carbon dioxide, and variable amounts of nitrogen.

Methane oxidizes to form one mole of carbon dioxide and two of water:

H,+20;, O,+2H0 1)

The heating value or heat of combustion of any fuel yielding water as a
product may be expressed in two ways. The higher heating value is obtained
by <Issuming that the water is ultimately condensed, in which case it gives
up its latent heat of vaporization. The lower heating value assumes that the
water leaves the process in the vapor phase. In both cases, the temperature
of the products of combustion is assumed to be the same as that of the
reactants.

The higher heating value for methane is given as 1013 Btu/ft3 at standard
conditions, and the lower value as 913 Btu/ft3. Many natural gases have
higher heating values between 1050 and 1090 Btu/ft® owing to the presence
of heavier hydrocarbons, which more than offset token dilution by carbon
dioxide and nitrogen. However, as more of these hydrocarbons are being
extracted at the source, heating values continue to fall, approaching 975
Btu/ft3. Propane is sometimes added on a controlled basis to enrich a poor
fuel, and air is occasionally injected to reduce heating value to a specification
such as 975 Btu/ft>.

If the heating value of the gas is controlled by the distributor, then a mass
flow measurement is essentially a heat flow measurement. Orifice plates
are customarily used for metering natural gas, with mass flow M being
related to measured orifice differential h and density p:

M=kJhii 22
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(Although a burner tip may be used as an orifice, in which case backpressure
is essentially h, variability caused by wear, plugging, etc., advise against this
practice.)

Fuel gas is typically accounted in units of standard volume rather than
mass. The two are directly related through specific gravity, however. One
pound-mole of air occupies 359 ft* at standard conditions (60°F and 14.7
psia). The molecular weight of air is taken as 29, and the specific gravity &
of a gas is defined as the ratio of its molecular weight to that of air. Then the
standard volumetric flow of a gas may be determined from its mass flow:

V.= 359M/29G = 12.38M/G (23)

The density p of an ideal gas varies with its specific gravity, temperature,
and pressure:

p = 29Gp./RT. 24)

where T. and poare absolute temperature and pressure and R is the universal
gas constant in appropriate units. For temperature in degrees Rankine,
pressure in psia, and density in pounds per cubic foot, R = 10.73.

When (23) and (24) are combined with (2.2), we have

V. = 20.35kJhp./GT. (2.5)

In actual practice, compensation for variations in absolute temperature
is not applied as per Eq. (2.5) because flowing temperatures are elevated
well above absolute zero. Then the square root of absolute temperature is
approximated as a linear function of measured temperature T

JT. a+bT (26)

Over the range 0fO-100°F, the above approximation is accurate to +0.1%.

For gas pressures below 30 psia, the effect of a variable barometer ought
to be taken into account, by using an absolute pressure transmitter. At
higher pressures, a gage transmitter may be used, with the measurement
elevated in the calculation to a standard atmosphere. At still higher pressures,
the supercompressibility factor Z may become significant. Then density
varies inversely with Z. For moderate ranges of temperature and pressure,
supercompressibility correction can be applied through the linear approx-
imation

PIZ=1f +¢p 2.7)

\f(lvhere p is the measured pressure and f and g are constants selected for best
t.

Incorpor'ation of the heating value can convert (22) or (25) into a heat-
flow equation; the heating value must be stated in appropriate units, ie.,
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mass or standard volume. For gas streams, volumetric units re most
common:

Q=H,V.=H/, hp/6T. £8)

where Q is the heat flow rate, H, is the heating value in standard v.olml).etric
units, and k, = 20.35k from Eq. (25). For a gas having a variable composition,
both H, and G will change. These two terms may be singled out of the above
equatimn for purposes of applying compensation for variable composition-
this function is known as the "Wobbe Index":

y=H./]G (29)

Fuel gases in most petroleum refineries contain hydrogen and some
heavier hydrocarbons along with methane. The effect of hydrogen on the
Wobb(: Index differs from that of the heavier components. Table 21 sum-

Wobbe Indices for several hydrocarbons and selected mixtures.
When the index is plotted against specific gravity for each of these gases as
in Fig. 2.1, a smooth monotonic curve is formed if hydrogen is absent. This
allows a correction factor to be applied to the gas flowmeter as a function of
the specific gravity measurement.

However, the Wobbe Index does not change appreciably as the concen-
tration of hydrogen in a mixture varies. Therefore, when hydrogen is the
principal variant in a fuel-gas mixture, no compensation need be applied
for changes in specific gravity. If specific gravity compensation is being
applied to allow for the presence of higher hydrocarbons, variation in
hydrogen content will cause problems. And if nitrogen, carbon monoxide,
or carbon dioxide are present, the correlation of Fig. 21 breaks down
completely, in that these components increase specific gravity while contrib-

Table 21
Wobbe Indices of Light Hydrocurbons

Composition Heating value Specific Wobbe Index

(by volume) (Btu/ft) gravity (Btu/ft)
H, 325 0.069 1237
(H, +CH,)2 669 0.310 1201
CH, 1013 0.552 1364
(H, +C,Hy)2 1059 0.552 1425
(H, +CH, +C,Hg)/3 1043 0.552 1405
(CH, +C,Hg)2 1403 0.793 1575
C,Hg 1792 1.034 1762
C,H, 2590 1517 2103
n-C4H 4o 3370 2.000 2383
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Fig. 2.1. Wobbe Index is related linearly to gas specific i i
_ - gravity for light hydrocarbons
equimolar miKtures of light hydrocarbons with hydrogen. ey ad

uting little or nothing to heating value. (The Wobbe Index of carbon mono-
xide is only 328 Btu/ft?, while that of carbon dioxide and nitrogen is zero.)

Calorimeters are available to report the heating value of fuel-gas mixtures.
These instruments are actually pilot heaters where the fuel is oxidized and
the energy released is measured. As such, they are limited by the same type
of thermal capacities as any fired furnace, and in general cannot report on
rapid changes in heating value in time © be of use to the furnace firing the
fuel. Thermal conductivity and density analyzers are not specific, being
applicable primarily to binary mixtures such as propane and air. S, .cific
analyzers such as a chromatograph may be used to analyze a fuel gas, but
calculating a Wobbe Index from a multicomponent analysis is quite complex,
and the chromatograph is not likely to be any faster than a calorimeter.

When the pressure of the fuel gas is variable, a pressure regulator &
commonly inserted upstream of the flow control valve, with the flcwmeter
between them as in Fig. 2.2. Because both valves affect both flow and pressure,
interaction may be expected between the two control loops. An analysis
made of this process in Re( (1) indicates that interaction increases propor-
tional to the percentage of total pressure drop taken across the pressure
control valve. If, for example, the pressure drop across the pressure control
valve i half that across the flow control valve, or less, stable response can
be achieved by both controllers. Should the two valves have equal drop,
oscillations will break out when both controllers are placed in automatic, if
each was adjusted with the other in manual. They then must be readjusted
with both in automatic to restore stability.
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Fi&, 2.. Interaction between the pressure and flow control loops increases with percentage
of total pres,mre drop taken across the pressure control valve.

If the pressure control valve takes a substantially greater drop than the
flow control valve, it will have a greater effect on flow than on pressure. As
a result, each loop acts as a disturbance to the other, without being able to
regulate itself effectively. When both controllers are placed in automatic,
flow and pressure are driven away from their respective set points, and
regulation is impossible. For the loop assignments shown i Fig. 22 to be
effective, the pressure control valve should take a smaller drop than the flow
control valve, in which case the pressure control valve should be larger than
the flow control valve.

An alternate solution to the problem would use only one valve, allowing
pressure to go unregulated. In this case, the measured orifice differential
would have to be compensated for variations in pressure per Eq. (2.8).

The backpressure developed by the burner varies with flow. As a result
the pressure drop across the flow control valve varies inversely with flow.
To provide a reasonably linear relationship between fuel flow and valve
position, an equal-percentage valve characteristic is desirable.

2. Liquid Fuels

The most common liquid fuels are oils, ranging from light distillate
through residual fuel. These oils differ somewhat in heat of combustion and
sulfur content, but substantially in viscosity. More important than accurate
flowmetering is the proper atomization of oil in the burner. The oil must be
available at a controlled pressure and viscosity for complete combustion.
This is particularly difficult with heavy residuals in that their viscosity varies
sharply with temperature, composition, and even flow. Light distillates may
be pumped under controlled pressure and temperature to achieve satisfactory
combustion. But a heavy residual must be circulated continuously past the
burner and back to a storage tank as shown in Fig. 2.3. If flow is stopped,
the oil will cool and plug the line.

In the recirculating system, the net flow of oil to the burner cannot be
measured, but must be calculated by subtracting the recirculation rate from
the pumped flow. Turbine meters are customarily used for this service
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Fig. 2.3. The net flow of oil burned is the

difference
that recirculated. between the flow to the burner and

because of their superior accuracy, although they are sensitive to viscosity
changes, particularly at low flow. Backpressure at the burner is regulated by
the recirculation valve, while the firing rate is controlled by adjustment of
the burner orifice. Atomizing steam flow should be set in ratio to the firing
rate.

If the composition of the oil is constant, temperature control as shown in
Fig. 2.3 will generally provide satisfactory regulation over viscosity. However,
when oil must be used from several sources, the relationship between viscosity
and temperature may be quite variable. In this case, viscosity control i
essential, both to provide effective atomization and accurate flowmetering.

A simple viscosity control system is shown in Fig. 24. A sample of the
heated oil is pumped by positive-displacement action through an orifice,
which acts like a model of the burner. Assuming that the flow of the oil is
constant, variations in pressure drop across the orifice will indi« a te variations
in oil viscosity and/or density which would have a similar effect on burner
performance. Control of orifice pressure drop by manipulation of oil tem-
perature should assure uniform operation of the burner and flowmeters. The
sample pump may change its flowrate with time, requiring a readjustment
of the viscosity control set point; however, variations in oil density or
viscosity cannot affect its pumping rate because they are controlled.
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Fig. 2.4: The orifice in the sample line acts as a model of the burner; by controlling its
differential pressure for a constant oil flow, burner performance can be regulated.

Oil burner nozzles may be adjusted by a constant-speed bidirectional
motor. Oil flow is raised by applying power to the "increase" coil of the
motor, and lowered by energizing the "decrease" coil. The flow controller
then consists of two comparators, one activated on a positive deviation from
set point, the other on a negative deviation. There must be a small dead zone
between- the two actions to provide stability, and to minimize noise-induced
control action. However, the presence of the dead zone limits the accuracy
of flow control. To improve the accuracy to which flow may be controlled,
the three-state controller described above may receive a burner-nozzle-
position signal rather than a flow signal as feedback. Then a conventional
proportional-plus-integral flow controller sets the set point of the three-state
nozzle position controller in cascade. The arrangement appears in Fig. 2.5.

Bidirectional
motor Nozzle
(FC _>
/ ===

No11le posiHon

Fig. 2.5. O0il flow can be more precisely controlled if nozzle position is set in cascade by the
oil flow controller.
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3. Solid Fuels

The most common solid fuel is coal, although waste products such as
bark, bagl;lsse, and refuse are appearing as the cost of conventional fuels
continues to rise. A solid fuel must be metered, ground, and conveyed to the
burner, usually in that order. In a boiler burning pulverized coal, the coal is
conveyed to the pulverizer by means of a gravimetric feeder where its mass
flow is controlled. The coal is then ground in a mill, with the resulting fine
particles being conveyed by a stream of preheated combustion air to the
burner. Oversized particles are rejected by a cyclone or screen and returned
for regrinding.

Because the flow of coal is controlled at the inlet to the mill rather than at
its outlet, there can be some- delay in the response of firing rate to a change in
coal flow. If the coal is pulverized in a hammer mill, this delay is negligible
because there is little capacity in the mill. However, the various types of ball
and roller mills may contain from one to several minutes of capacity, in which
case the actual flow of pulverized coal lags the feed to the mill by that amount
of time.

If the time lag in the mill is relatively short, e.g., a minute or less, it can
largely be offset by inserting an equivalent lag in the flow control loop, as
shown in Fig. 2.6. This allows the fuel flow controller to have a narrower
proportional band than would otherwise be possible, enabling it to largely
overcome the lag in the mill. Following an increase in fuel demand, the mill
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Fig. 2.6. Applying a lag to the coal flow signal gives a dynamic representation of the actual
firing rate.
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is overfed due to the slow response of the lag unit, until a new steady state is
reached. Conversely, a drop in demand will cause a greater dynamic reduc-
tion in feed rate, again achieving more rapid boiler response.

When the time lag in the mill is longer than a minute, the flow of primary
air, which conveys the pulverized coal to the boiler, must be manipulated
to provide response to demands. Unfortunately, however, the amount of
coal conveyed per unit of air is not uniform, such that inferring fuel flow
from primary; airflow alone lacks accuracy. Figure 2.7 shows a means for
converting the primary airflow signals to estimated heat release, using
measured steam flow. The steam flow signal is combined with the rate of
change of boiler pressure to calculate the heat transferred to the steam by
the fuel. An integrating controller then applies a correction factor to the
total flow of primary air until the estimated heat input agrees with the
calculated heat release. The integrator must apply the correction slowly,
becaus. it forms a negative feedback loop through the boiler. An increase in
steam flow will bring about a decrease in fuel flow through the action of the
integrator, w)hich will then cause a decrease in steam flow, tending to form a
cycle. However, if the integrator responds more slowly than the boiler, and
if pressure is controlled by setting fuel flow, stability can be assured. The
time constant + of the integrator is adjustable in the field. Note that this
system also corrects for variations in the heat of combustion of the fuel.

Steam Steam Primary air-
pressure flow flow Signole

To air-
flow controls

-

To primecry Cir dampers
and coal feeders

Fig. 2.7. Steam flow from the boiler can be used to correct primary airflow signals to approx-
imate actual heat released by the fuel.
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Lump.coal and wood wastes are typically fed onto a traveling grate, where
combustll(?n is supported by air directed both over and under the gra:ce The
rate .of firing is controlled by the feeder speed. Because the larger par'.cicles
require more time to be consumed, heat release does not change as quickl
with flow as when the fuel is pulverized. 1 g

The heat of combustion of solid fuels even from a single source can be
quite variable, due principally to moisture content. Coal i stored out of
doors, and snow or ice occasionally accompany it into the boiler Woo(()i
wastes may vary in moisture content from a few percent to well over 100%
(dry basis), depending on seasoning and environment. Wood should bg
dried uniformly prior to use as fuel.

4. Coordinating Multiple Fuels

Industry is urged to use waste products as fuel whenever possible, both to
reclaim their heating value and to eliminate the pollution that they otherwise
might cause. In many cases, if not most, these products tend to be poor fuels
with low heating value, which is why they are not salable. In a petroleum
refinery, hydrogen and ethane available as byproducts from reforming and
cracking operations are usually dumped into a general fuel-gas header.
Hot carbon monoxide from catalyst regeneration is usually fed into a
separate boiler dedicated to that purpose; supplemental firing with gas may
be necessary due to the low heating value ofthe fuel, particularly if there has
already been substantial conversion to carbon dioxide. In a steel mill, blast-
furnace gas is usually available, which also has a low heating value, and
requires supplementary firing.

Mixing these waste gases with natural gas, as done in a refinery, is not
recommended as it produces a fuel of variable heating value and air require-
ments. Instead, the waste fuel should be fired separately, both to provide
more uniform operation and control of the boiler, and also to minimize the
use of supplemental fuel. The waste fuel should be fired to the maximum of
its availability before calling for supplemental fuel, although some supple-
mental fuel may be necessary ifthe heating value ofthe waste is so low as to
cause flameout. It is also important, however, to insure uniform response of
the heater control system regardless of which fuel is being fired, or in what
combination. Also, limitations on availability of the waste fuel must be
enforced. The control system shown in Fig. 28 is devised to take all these
factors into account.

The signal representing demand for heat is passed through a ratio station
where the operator sets K, the maximum allowable percentage of waste fuel
to be burned. IfK is set at 100%, and the waste fuel is not otherwise limited,
waste-fuel flow will equal the demand for heat, such that the two signals to




50 2 Combustion Control Systems

Total To air-
heat demand flow controls

1

Supplemental
fuel demand

To

burners X
Supplemental fuel

Fig. 2.8. This system allows adjustment over the maximum percentage of waste fuel,
accommodates a limit on its availability, and provides uniform response to the demand for
heat, regardless of the percentage of waste being burned.

the subtractor will be equal. Then the supplemental-fuel demand is zero.
But if K were to be set at 80%, then waste-fuel flow would be 20% less than
the total demand, and the subtractor would pass their difference to the
supplemental-fuel flow controller. The subtractor must be scaled with a gain
equal to the ratio of the full-scale flow of the waste-fuel flowmeter to that of
the supplemental fuel flowmeter. Furthermore, the heat-flow range of the
total heat demand signal must be identical to that of the waste-fuel flowmeter.
Should the waste-fuel flow range only represent a portion of the total
heat demand, additional scaling is necessary. Then K becomes the product
of the percentage waste-fuel firing and the ratio of total heat-flow range to
waste-fuel heat-flow range. In addition, the negative input to the subtractor
must be multiplied by the ratio of waste-fuel heat-flow range to supplemental-
fuel heat-flow range; the positive input is multiplied by the ratio of total
heat-flow range to supplemental-fuel heat-flow range. This last factor would
be unity if the supplemental fuel could carry the full heating load.
Limitation on waste-fuel availability is imposed by the header pressure
controller. If there is an excess of waste fuel, pressure will be high and the
output of the pressure controller rejected by the low selector. But should
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header pressure fall below set point, the pressure controller will reduce the
waste flow below the flow controller's set point. This change in waste flow is
then converted directly into an equivalent increase in supplemental-fuel flow,
so that the heater is not thereby upset. Because waste-fuel pressure may
vary, its flowmeter must be pressure compensated.

B. CONTROLLING AIRFLOW

Controlling airflow is every bit as important as controlling fuel flow. For
complete combustion to take place, there must be an excess of air in contact
with the fuel at all times. In the past, air was supplied in plentiful excess, to be
certain that all the fuel would be consumed, and therefore smoke and the
danger of explosion avoided. However, excess air dilutes the combustion
process, reducing flame temperature and increasing stack losses. The heat
lost to the stack as a function of stack temperature and percent oxygen in
the flue gas is readily calculated, and it demonstrates the need to minimize
excess air.

With increasing fuel costs, there is now ample incentive to control excess
air precisely. Additionally, as waste fuels with variable heating values are
burned, control over excess air becomes more demanding. Furthermore,
protection against component failures must be incorporated into these

systems. Finally, furnace pressure must be controlled in a safe and stable
manner.

1 Combustion Air Requirements

Equation (2.1) described the combustion of methane in oxygen to form
carbon dioxide and water. However, most combustion processes use air
rather than pure oxygen as an oxidant; the nitrogen passes through essen-
tially unchanged, although its heat capacity has a profound effect on flame
temperature. At this point, the combustion reaction s rewritten to include
nitrogen, in order to arrive at a molar balance:

CH, + 21 +x)0, +752(1 + XN, .. CO, +2H,0 +2x0, +752(1 +x)N, (2.10)

Here x is the mole fraction excess air, and 7.52 is the number of moles of
nitrogen accompanying 2 moles of oxygen in air.

There are produced 10.52 moles of flue gas for each mole of fuel burned
at zero excess air. Excess air adds 2x moles of oxygen and 7.52x moles of
nitrogen. The mole fraction y of oxygen in the flue gas can then be related to
excess air as

y = 2x/(10.52 + 9.52x) = x/(5.26 + 4.76x) @.11)
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The heat leaving the stack per mole of fuel is
0, = C/10.52 + 9.52x)(T, - Tp) + 34934 (i.2)

where (P is the molar average heat capacity of the combustion products,

T, the stack temperature, and T, the ambient temperature. The constant,
34,934 Btu is the latent heat of vaporization of the water formed in combus-

tion. The fractional increase in sensible heat loss per unit excess air near zero

excess air can be estimated by differentiating (2.12) and dividing the result by
(2.12) evaluated at x = 0 less the latent heat contribution:

dQJQ. dx = 9.52/10.52 = 0.905

In essence, each percent excess air increases stack losses by nearly 1%-

Liquid hydrocarbon fuels such as oils can be represented as a polymer
with a formula (CH,)., with 7 being a function of the molecular weight and
therefore the- volatility of the fuel. A general combustion equation may be
written around the CH 5 group alone:

CH, + 1501 +x)0, +564(1 +X)N,-+ CO, + H,0 +1.5x0, +564(1 +x)N, (2.13)

The relationship between flue gas oxygen content and excess air differs
somewhat from that calculated for methane:

y = 15x/(7.64 + 7.14x) = x/(509 + 4.76x) (2.14)

Similar relationships can be drawn for other fuels. Rather than develop
the combustion reactions for each, the appropriate constants are summarized
in Table 22 for several common fuels. The relationship between flue-gas
oxygen content and excess air all follow the form

¥ = xix + 4.76x) (2.15)

Table2.2

Combustion Air Requirements for Common Fuels

Mole ratio Moles 0 ,

Fuel Formula 0 ;ffuei per 10° Btu x
Methane CH, 20 550 526
Ethane CHg 35 544 519
Propane C.H, 50 538 516
n-Butane (CA)5 65 537 515
Light oil CHJ 1.5n 537 509
Heavy oil (CH). , 125n 549 496
Hydrogen H, 05 429 576
Carbon monoxide CcO 05 425 576
Carbon (6 10 591 4.76
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(Observe that 4.76 is the reciprocal of the oxygen concentration in air.)
Table 2.2 includes coefficient for each fuel.

These fuels are remarkably consistent in their air requirements per Btu
and in the relationship between flue-gas oxygen and excess air. This allows
airflow to be related directly to heat-flow demand, and excess air to be
controlled from a measurement of oxygen in the flue gas, almost without
regard to the fuel being burned. Variable mixtures of light hydrocarbon fuel
gases show almost no variation in these parameters, and contamination with
small amounts of hydrogen and carbon monoxide also have little effect.

Fuel oil & a mixture ofliquid hydrocarbons of various molecular weights
and heating values, yet their individual combustion constants are so similar
that the values shown i the table are quite representative ofall. Coal is not
pure carbon but is principally a polymer of cyclic aromatic hydrocarbons.
The actual parameters for coal will lie between those of carbon and heavy
oil, but closer to carbon because its hydrogen/carbon ratio tends to be less
than 05. Ash in the coal does not enter into combustion, and therefore has
no effect on its air requirements.

Ideally, the excess air supplied to a furnace should be zero. However,
combustion never goes to completion, and a slight amount of excess air will
shift the equilibrium toward lower concentrations of unburned fuel. This is
particularly important at low firing rates, where reduced velocities result in
poorer mixing of fuel and air. More is said about these matters under the
heading of air-pollution control.

2.  Fuel-Air Ratio Control

To maintain optimum combustion conditions, airflow should be set in
ratio to the fuel flow, if fuel composition is constant. In cases where fuel
composition and heating value are not constant, then airflow should be set
in ratio to the heat-flow demand. The control system shown i Fig. 2.8 offers
two possibilities for setting airflow. A total heat demand signal is available,
as well as the output of a summing device which adds the two fuel flow rates.
If the air requirements per unit of heat delivered are essentially the same for
both fuels, the total heat demand signal may be used. However, if they are
different, the summing device may be calibrated in terms of combustion air
requirements.

In the event that the heat of combustion or flow rate of the fuel can vary
unpredictably, as frequently happens when feeding coal, wood, or refuse,
airflow should be set in ratio to the heat released by the fuel. For a boiler,
heat release is indicated by steam flow combined with the rate of rise of
steam pressure. This is the same calculation that was made i Fig. 27 to
recalibrate the coal flow measurement. In the steady state, the heat release,

S

[ -



54 2. Combustion Control Systems

coal flow, and total heat demand signal are identical, so any of the three may
be used to set airflow. The fastest response to a change in demand will be
achieved if total heat demand sets airflow. The best response to an un-
measured change in coal flow or heating value would be obtained if airflow
is set by calculated heat release. If the higher of the two signals is selected to
set airflow, then excess air will be provided n either event.

The required increase in fuel-air ratio at low loads can be obtained by
applying a SJJecial characterization to the airflow signal. Airflow i usually
measured by-a head-type device such as an orifice or pitot tube. To obtain
a linear flow signal, the square root of the differential pressure must be
extracted. A special calibration may be applied to the square-root function
to indicate a lower airflow than what i actually being measured at low loads.
The airflow controller then increases the flow, thus providing the desired
fuel-air ratio. Figure 29 shows a typical curve of percent oxygen desired n
the flue gas versus load. Points taken from this curve were used to develop
the modified calibration for a square-root extractor for an oil-fired furnace.
The calculations are summarized in Table 2.3.

Since both fuel and airflow are set equal to heat demand, the output of the
square-root extractor is equal to the heat load appearing in the first column.
The flowmeter differential pressure required to produce the excess air
required at each load appears in the last column.
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Fig. 2.9. Flue-gas oxygen content needed for efficient combustion as a function ofheat load.
(From B. Liptak, "Instrument Engineers Handbook," Vol. IL Chilton, Philadelphia, 1970.)

B. Controlling Airflow SS

Table 23

AirHow Differential Required to
Produce the Flue-Gas Oxygen Prugrum of Fig. 29

Heat load 0 , in flue gas Excess air Unadjusted Adjusted
(%) 9 09 differential (%) differential (%)
100 16 8.7 100.0 100.0

70 16 87 49.0 49.0
50 17 93 25.0 253
40 20 ILI 160 167
25 30 175 63 73
20 50 32.8 40 6.0

From Table 23 it can be seen that very little error in the airflow signal or
the fuel flow signal can have a substantial effect on flue-gas oxygen content.
To maintain the optimum quantity of excess air, the fuel-air ratio should be
automatically adjusted by a controller acting on the measured amount of
oxygen i the flue gas. Because the correct air-fuel ratio can be predicted
within relatively narrow limits, the range of the adjustment can be restricted.
Figure 2.10 outlines an air-flow control system including feedback trim of
oxygen content. The set point for the flue-gas oxygen controller must be
characterized as a function of steam flow in accordance with Fig. 29.

There are various types of oxygen analyzers for use in flue gas. Sampling
is difficult because of high temperatures, corrosive conditions, and the
presence of ash and soot. An in-situ measurement is least likely to be affected
by leaks, condensation, etc. However, there is a risk of failure, and the control
system must be protected. Limits an the output of the oxygen controller can
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Fig. 2.10. The flue-gas oxygen controller automatically corrects the air-fuel ratio for errors
in the metering system.
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keep the air-fuel ratio in reasonable bounds in the event the measurement
should fail without notice.

A probe-type oxygen analyzer which inserts directly in the flue-gas duct
produces a voltage which varies with the logarithm of the oxygen content (2).
Because the sensitivity of the signal to oxygen content varies inversely with
the oxygen content, the gain of the oxygen control loop could be expected to
change with load. At minimum load, the required oxygen content may be
three times as' great as at full load, so the sensitivity of the analyzer is only
one-third that at full load. However, the delay in response of oxygen content
to a change in airflow is longer at low load than at high load. This increasing
delay increases the gain of the integral controller used on the oxygen signal,
which virtually offsets the reduced gain of the logarithmic signal. Conse-
quently, the logarithmic analyzer seems well suited to this application. In
addition, the function given in Fig. 2.9 is less extreme when characterized to
the nonlinear 0 5 scale.

Gilbert (2) claims superior control of fuel-air ratio can be achieved by
controlling CO emission in the 100-200-ppm range. His reasoning is that
air infiltration or a maladjusted burner could give a satisfactorily high 0,
level while still not providing complete combustion. On the other hand, a
GO measurement is not affected by air infiltration, and i a true indication
of the completeness of combustion.

3. Maintaining Safe Conditions

Because of the severe damage possible should an explosive mixture of
fuel and air accumulate in a hot furnace, an elaborate system of interlocks
is justified. Before fuel can be admitted, the firebox must be purged with air
sufficiently long to ensure that fuel will not be present in an explosive con-
centration. Then a pilot flame must be ignited and verified by a flame detector
before the main fuel valve is allowed to open.

The furnace must also be protected against an excess of fuel, n the event
of a control or equipment failure. This protection is provided by the pair of
signal selectors shown i Fig. 2.11. Should airflow fail to respond to an
increase in the demand for heat, the low selector will set fuel flow equal to
airflow. Should fuel fail to respond to a decrease in demand for heat, the
high selector will set airflow equal to fuel flow. Thus air is forced to lead fuel
on an increasing load, and fuel to lead air on a decreasing load. This arrange-
ment also protects against a fan failure or a sticking fuel valve.

For the dual selector system to function, air and fuel flows must be scaled
on the same heat-equivalent basis. Here, volumetric or mass flow units are
meaningless. This is why recalibration of the air system is provided on the
measurement side of its flow controller rather than on the set-point side.

o
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Fig. 211. The signal selectors prevent an excess of fuel from developing during changing
load or upon a fan failure.

The high selector could receive a third input from the heat release cal-
culator in the event that recalibration is also supplied to the fuel flow mea-
surement, as in Fig. 2.7. In absence of fuel flow recalibration, however, the
heat release signal will not likely agree with fuel flow, and the dual selector
system will then fail to function properly.

The dual selector system forces airflow to lead fuel on an increasing load
and to lag on a decreasing load. Then flue-gas oxygen content tends to
deviate above the set point on a//load changes. If the oxygen controller were
allowed to react proportionally to these deviations, it would tend to defeat
the security provided by the selectors. Consequently, the integral control
mode alone is used on the oxygen signal, so that reaction to rapid fluctuations
is minimized. The principal function of the controller is to correct for long-
term deviations caused by flowmeter errors and variations in fuel quality.

4. Airflow and Furnace Pressure Control

Typically oil and gas are fired under a slight positive pressure-10-20 in.
of water-supplied by a forced-draft fan. If incoming air is preheated against
flue gas, or if there is pollution-control equipment such as precipitator,
filter, or scrubber on the flue gas, an induced-draft fan is also required. Coal
and wood are fired under a slight negative pressure, less than an inch of
water, requiring an induced-draft fan at the stack. Again, if combustion air
is preheated, a forced-draft fan & usually required. So most modern furnaces
of substantial size will have both types of fans, with dampers arranged as
shown i Fig. 2.12.

Although the figure shows airflow being measured by an orifice, this
additional restriction is often avoided by measuring the differential pressure
between the windbox and the furnace, or across the furnace. Temperature

EES e s
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Fig. 212. Control of airflow and furnace pressure requires the coordination of inlet and
outlet dam , .rs.

compensation is usually needed for preheated air, since its temperature will
vary with both the heat load and the ambient.

The relationship between the mass flow of air M and measured differential
hacross a restriction is a function of absolute temperature T:

M = kJhff’ (216)

where kis a proportionality constant. To find the error caused by a tempera-
ture variation, M & differentiated with respect to T

dM/dT= -kJh/TJT (2.17)

Substituting (2.16) into (2.17) allows the expression of flow error dV relative
to flow M:

dM/M = -dT/T (218)
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If temperature varies 10°F in 240°F (700°R), the relative flow error dM/M
would then be 10/700 or about 14%.

Temperature compensation can be readily applied using Eq. (2.16), using
a convenient range of measurement such as 0-300°F. The signal may be
given the necessary elevation to absolute temperature by scaling the divider
appropriately. Equation (219) illustrates the scaling for the divider:

. h(60 + T )
M= J460 +To+(Ty- TYT' (219)

where M is the mass flow signal (0-100%), /2 the differential pressure signal
(0-100%), T, the base temperature (F) T, the temperature at zero scale,
T;, the temperature at full scale, and T is the temperature signal. For the
example where temperature is measured over the range of0-300 F, and the
flowmeter & selected for a base temperature of 200°F,

M = Jli/(0.697 + 0.455T")

In cases where combustion air is split between primary and secondary
flows for purposes of coal feeding, etc, the various flow measurements must
be linearized before being added. Temperature compensation may then be
applied to the summed signals without the need for linearizing the tempera-
ture signal. Because measured temperature & elevated well above absolute
zero, there is little error involved i a linear approximation of the square-
root curve over the operating range. Compensation is applied per Eq. (2.20):

M = '[J[17(a + bT) (220)

where a and b are scaling coefficients. Equations (219) and (220) may be
equated at Toand Ty by setting T' at zero and unity. There will then be no
error due to linearization at those two points. Then

a=J{460 + T,)/@60 +T ,) 221)
a+ b= J@60 + Ty)460 + T,) 222)

For the same conditions given in the above example, a = 0834 and b = 0.240.
The approximation in this example yields a maximum error of -0.8% at
midscale temperature. If coefficient a & raised to 0.838, the error is distributed
over the temperature range to +0.4%.

A natural interaction exists between airflow and furnace pressure similar
to that encountered between fuel-gas flow and pressure. In the airflow system,
however, the two dampers are generally the same size and carry the same
pressure drop. In this case, interaction exists which cannot be overcome by
changing control-loop assignments. Instead, decoupling is recommended as
shown in Fig. 2.12.
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With this system, both dampers are manipulated to control airflow. If the
dampers are properly characterized and matched, moving them equally
should not have a residual effect on furnace pressure. However, the furnac(;,
pressure controller is capable of moving the downstream damper to correct
for any deviation which might develop due to a mismatch. Depending .on
the location of the pressure measurement, it may respond more rapidly to
the downstream damper than it does to the upstream damper. Then a
dynamic lag g should be applied to the signal from the first to the second
damper to match their dynamic effect on pressure.

For simplicity, there is no decoupler shown to prevent the furnace-pressure
controller from upsetting airflow. If the decoupler shown i effective, very
little corrective action will be required of the pressure controller, and the
interaction between the two loops will not be significant. Furthermore, the
flow controller must respond to all load changes, whereas the decoupler
removes that requirement from the pressure controller.

C. AIR POLLUTION CONTROL

The degree of air pollution caused by the combustion of a fuel is very
dependent on the type of fuel. Hydrogen would seem to be ideal i this
respect, in that it can be obtained in rather pure form, i.e., free of contaminants
such as sulfur, and burns to completion yielding only water. However, the
formation of oxides of nitrogen will take place to some extent, at combustion
temperatures. Natural gas can produce some carbon monoxide and possibly
unburned fuel as well. Oil and coal both contain sulfur which oxidizes to
sulfur dioxide and trioxide. Furthermore, coal contains some nonvolatile
materials which may be carried out the stack. Each of these pollutants
requires control related to its particular characteristics.

1 Carbon Monoxide and Unburned Hydrocarbons

These two pollutants are lumped under a single heading because they have
the same cause-incomplete combustion. Complete combustion depends on
two factors: excess air, and mixing of fuel and air. Gaseous fuels mix easily
with air and therefore tend to burn completely with relatively little excess
oxygen, perhaps 1.5%. Liquid fuels do not mix as well, particularly those
with high viscosity, requiring high-pressure injection with steam atomization
for efficient firing. Even then, more excess air is required for complete
combustion than with gases. Solids are still more difficult to mix with
combustion air, and consequently require still more excess air.

An equilibrium naturally exists in any combustion process between the
hydrocarbon fuel, carbon monoxide, and oxygen:

(CH, + 150,¢ H,0+CO+ 050,¢ H,0 + CO, (223)
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Oxygen drives the equilibrium to the right. In a well-mixed system with
excess air, the concentration of unburned hydrocarbons [CH, must be less
than that of CO. Therefore, if the QO content is controlled to a satisfactory
degree, the concentration of hydrocarbons must necessarily be low. If the
reasoning is carried further, then control of flue-gas oxygen content implies
control of CO in equilibrium with it.

However, the equilibrium depends to a great extent on mixing. A deficiency
of air at one location in the combustion zone could result in release of un-
burned hydrocarbons and CO, even with 0, in the flue gas. Inefficient
atomization due to a fouled burner nozzle could have a similar effect. And,
naturally, mixing is less thorough at low loads where both fuel and air
velocities are reduced.

Consequently, control over oxygen content does not necessarily ensure
control over QO and hydrocarbon emissions, even when properly charac-
terized with load. May (3) reports that maximum combustion efficiency can
be obtained with 1-2% oxygen when burning natural gas, and 2.5-3.5 %
with No. 6 fuel oil. If maximum efficiency were to be achieved at still higher
levels, this indicates that burners are in need of cleaning or adjustment.

Carbon monoxide in the flue gas can be measured with an infrared
analyzer. If the air-fuel ratio were to be adjusted to maintain a constant CO
level in the flue gas, the resulting oxygen content would be indicative of the
condition of the burners at any given load.

2. Oxides of Nitrogen

At high temperatures (> 3000°F), flue-gas molecules begin to dissociate
into ions. An equilibrium then takes place wherein the ions of nitrogen and
oxygen may combine to form nitrogen oxides:

[N]-+x[0]¢NO. (2.24)

The oxides are a mixture of NO, NO,, N,0,, and N,O 5, which will combine
with moisture and air to form nitric acid.

NOx formation is promoted by elevated temperature and pressure, and
excess air. Engines tend to generate considerable NOx because combustion
takes place under pressure. Bell and Breen (4) report that combustion of gas
typically produces 100 ppm of NO,, while light distillate yields 150 ppm,
residual oil 250 ppm, and coal as high as 500 ppm. This relationship is
undoubtedly due to the excess oxygen typically required for combustion of
these fuels. If the predominant oxide formed is NO,, the rate of oxide
formation will be proportional to the square of the oxygen content of the
flue gas. If coal typically requires twice the excess oxygen for efficient com-
bustion as gas, it would be expected to produce four times the NOx concen-
tration.

B
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Any modification or adjustment to the burners which will allow more
complete combustion of fuel with less excess air will .also reduce NPx
emission. Consequently, burner design and maintenance are most important
in reducing this source of pollution. And close control of excess air will ha'iei
the additional benefit of reducing NO.. emission along with heat loss.

The other controllable parameter contributing to NO,, formation is the
combustion temperature. Temperatures in the combustion zone can best be
reduced by dilution of fuel with flue gas, most of whose sensible heat has been
extracted. It is difficult to measure temperatures in the combustion zone
reliably due to wvariability of the flame pattern, oxidation, erosion, etc.
However, flame temperature can be regulated by recirculating a certain
portion of flue gas into the combustion air.

Ifthe temperature of the flue gas were constant, a fixed ratio of recirculation
to airflow would produce a constant flame temperature. However, flue-gas
temperature tends to rise with load, requiring an increasing recirculation
ratio. A heat balance on the flue gas indicates that flame temperature is
reduced from its maximum value T to T by recirculating X fraction offlue
gas having a temperature Tw.

X=(Tu- DAT-TJ (225)

About 25% recirculation of flue gas at S00'F will reduce flame temperature
from 3000 to 2S00 F. .

Figure 2.13 describes a control system setting the flow of recirculated flue
gas in P,roportion to steam flow through a ratio flow coptroller (FFC).
Temperature compensation of the flue-gas measurement s not actually
necessary. While Eq. (2.25) requires a higher flow at higher temperature, the
flowmeter indicates a lower flow due to the effect of temperature on gas
density. The two effects are not identical, but they cancel one another within
the limits of flowrneter accuracy. .

Increasing the ratio setting will bring about more recirculation, thereby
reducing NO.. emissions. However, boiler efficiency tends to be reduced
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Fig. 213. Recirculating flue gas in ratio to steam flow will regulate flame temperature and
thereby reduce NO formation.
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because the temperature gradient between the flue gas and steam is reduced.
Therefore, an optimum ratio should be found which will hold NOx content
at its specified limit and no lower.

Reference (S) indicates flue-gas recirculation can reduce NOx emissions by
60% for gas firing, 20% for oil firing, but is ineffective with coal firing. Some
NOx will be absorbed along with S0, in downstream wet scrubbers.

3. Particulates

Particulates are problems only when solid fuels are fired. They tend to be
hard, sharp, and porous, readily absorbing both acids and moisture. If the
flue-gas temperature i allowed to fall below 300°F, acids in the flue gas will
condense and cause extensive corrosion. If particles are removed by a bag
filter, however, temperatures must be maintained below 450°F to protect
most fabric materials. Bag filters are therefore installed downstream of any
air preheater, with a bypass around the preheater allowing hot flue gas to
control stack temperature above 300 F. Periodic blowback or mechanical
agitation removes trapped particles.

Electrostatic precipitators may be used either before or after the air heater,
depending on the resistivity of the particles. Ifthe sulfur content of the fuel is
high (3% or more), a conductive film of acid is absorbed on the particles, and
thex conduct readily in the 300-400°F range found downstream of the air
heater. For fuels with lower sulfur content, the precipitator is ordinarily
installed upstream of the air heater, where temperatures in excess of 450°F
ensure adequate conductivity. This has the advantage of keeping particulates
out of the air heater. Precipitators are equipped with controls to maintain
field charge and avoid corona formation. Periodic rapping of electrodes
removes accumulations of trapped particles.

Wet scrubbers are generally used in conjunction with a wet desulfurization
system. Particles are collected most effectively when the water stream
contacts the flue gas co-currently. Water droplets envelop and agglomerate
the solid particles, and are then removed from the gas in a cyclone or baffled
separator. Venturi orjet scrubbers are most common for particulate removal.

Devices like venturis and cyclones are sensitive to changes in velocities,
complicating their use in flue-gas handling. To accommodate the variable
gas flows anticipated in power plant operation, some venturis are equipped
with an adjustable throat, as shown in Fig. 2.14. The throat area 8 automat-
ically adjusted to maintain a constant differential pressure across it, hence a
constant velocity.

After particulate material has been removed by co-current high-velocity
contact, fumes such as sulfur dioxide are absorbed in countercurrent low-
velocity contact with a scrubbing medium. The exiting flue gas becomes
cooled and saturated with water in its passage through the scrubbers. In this
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Fig. 2.14. The throat of the venturi is automatically adjusted to maintain a desired gas
velocity; Circulation is set in ratio to boiler load.

state it will not rise well from the stack, and will develop a noticeable steam
plume when it contacts the atmosphere. To avoid these problems, the
saturated flue gas is reheated from 180 to perhaps 250-300 F with steam or
fuel before entering the stack. Since this reheat energy is a total loss, stack
temperature should be held to a minimum consistent with ambient condi-
tions. Stack temperature should be controlled at a specified differential
above ambient to provide the density difference required for lift. However,
the temperature difference should be adjusted relative to humidity and wind
velocity to control plume visibility consistent with minimum reheat.

4. Oxides of Sulfur

With decreasing availability of high-quality fuels, those containing in-
creasing amounts of sulfur are being used. In the process of combustion, the
sulfur is oxidized principally to the dioxide, with perhaps 1% formation of
trioxide as a function of excess air and residence time in the furnace. When
exhausted to the atmosphere, eventually all of the SO, will be oxidized to

C. Air Pollution Control (55

SO 3. and be returned to the ground as a dilute solution of sulfuric acid in
rainwater. Corrosion of metals and concrete from acid rainwater is common
in industrialized areas, and the pH of lakes and rivers has also been falling
to the detriment of aquatic life.

The oxides of sulfur are quite readily absorbed by alkaline solutions
based on sodium, calcium, magnesium, ammonium, or even organic reagents.
In most of these processes, the sulfur is converted to a sludge of calcium
sulfite and/or sulfate and landfilled. However, the Japanese recover calcium
sulfate for wallboard manufacture. Some processes recover SO, from the
scrubbing medium either by evaporation or by kilning; it is then converted
to sulfuric acid or reduced to elemental sulfur.

The variable having the most pronounced effect on the SO, content of the
effluent is the pH of the scrubbing medium. Absorption is based on the
solubility of SO, in equilibrium with its partial pressure in the gas phase.
To lower that partial pressure, the concentration of dissolved SO, must be
reduced by conversion to the bisulfite (HSO;) ion or to solid calcium sulfite.
In the first reaction, soluble sodium sulfite is used as the scrubbing medium,
such that sulfite ions convert SO, to the bisulfite:

SO,- +H,0 +S0,= 2HS03 (2.26)

In the second, calcium ions are available from either the hydroxide (lime)
or carbonate (limestone):

G +S0,¢ CaSO; +H* (227)

In both cases, the absorption of SO, causes a reduction in pH, which tends
to reduce the rate of absorption.

Figure 2.14 shows a pH controller adding fresh reagent to maintain an
effective composition for the scrubbing solution. The optimum pH depends
an the nature of the process. When scrubbing with lime or limestone, a pH
of about six provides essentially complete neutralization. In fact, it is im-
possible to raise the pH above about 6.7 with limestone because of its limited
solubility.

When scrubbing with a sodium-based reagent, the reaction endpoint
occurs closer to pH 5. If too high a pH is used, carbon dioxide absorption
increases, using reagent needlessly and forming carbonate scale within the
scrubber itself. Sodium-based reagents are usually regenerated by reaction

with lime in a second stage. Controls for this operation are described in
Ref. (6).

5. Flare-Stack Controls

Flares are common i petroleum refining and chemical production, to
incinerate gaseous wastes and products vented through relief devices. If
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steam is injected into the flame, radiation and smoke can be substantially
reduced. The difficulty arises that the quantity of gas being flared can vary
over a wide range, and change quite rapidly.

There are two approaches to this problem: steam flow can be set in ratio
to gas flow, or adjusted on the basis of radiation admitted by the flare. The
ratio control (feedforward) system has some drawbacks. Orifice flowmeterse
customarily used to measure gas and steam flows are limited in rangeability
to only 4: 1, too low for most flare applications. Higher rangeability flow-
meters, such  the vortex-shedding type, are quite expensive in the large
sizes needed for most flares. In addition, the composition of the flared gas
may change, radically, so that the steam-to-gas ratio should be variable.
To avoid smoke formation when flaring rich mixtures, a high ratio must be
used, which is wasteful of steam when leaner mixtures are flared. Finally, the
steam flow must be made to lead the gas flow, to compensate for the lag in
the flow control loop, and the transportation of the steam from the valve to
the top of the flare.
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Fig. 2.15. Steam & injected into the flare to reduce radiation and smoke emission.
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An alternate system based on feedback (7) is shown in Fig. 2.15. An array
of four thermocouples is placed around the exit of the flare stack, exposed to
the radiation of the flame. They are wired in parallel, giving an average ofthe
four temperatures. At least one will be exposed to radiation from the flare,
regardless of the direction of the wind al any time.

Should there be little flame, temperatures would approach ambient, and
the voltage developed against a fifth thermocouple exposed at the base of
the stack would approach zero. But when a bright flame begins to develop,
a differential temperature will appear between the flare and the ambient.
A proportional-plus-derivative controller acting on this temperature rise will
open the steam valve. As the radiation is decreased by the steam, the tem-
perature differential will fall, although it cannot be reduced to zero because
of the heat released by the flare. Hence the controller cannot have integral
action, or it would continue increasing steam flow without being able to
further reduce temperature. Derivative action will help overcome the lag in
the thermocouples and steam line.

The controller should be biased so that, at zero temperature difference,
the steam valve is closed. The proportional band should be set as low a value
as possible to minimize smoke; however, if it is set too low, cycling will
develop as in any feedback loop. Derivative time should be set to reduce the
period of the cycling by about 30%, which will allow a slight further reduc-
tion in the proportional band, while improving the speed of response of the
loop..

Rangeability is limited to that of the valve, typically 50 to 100: L A linear
valve is recommended.
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Chapter

3

Stea-m Plant Management

An integral part of every industrial complex is the steam plant or boqer
house. In small facilities, the boilers are usually low-pres;ure units which
supply steam for process and space heating only. Meche}nlcal power would
then ha\le to be supplied primarily by purchased electricity. However, rggch
energy can be saved if high-pressure steam is generated .and used to drive
mechanical equipment, with the engine exhausts 'de.d1cate(.j to hea'_ang
service. Therefore, new process plants and sizeable existing U.I}ltS have high-
pressure steam available for driving turbines. Yet if an Qpnmum balance
exists between work and heat in any of these facilities, it WOMd be pure
accident. While a particular plant might once have been designed for_that
optimum balance, subsequent changes needed for production or as;oaate@
with haphazard expansion usually leaves the plant far away from lt.. Ordi-
narily there is no attempt made to restore the balance when new equipment
is purchased. e

Yet the principal reason for a lack of balance at any point in time is lac]
of control. Although the various headers may be held precisely at their
specified pressures, and all individual users are unde}* control, they are pot
necessarily coordinated with each other. Much of this Jack of coordma’gon
can be overcome with a control system that looks at both users and suppher.s,
and strives for optimum conditions as opposed to an arbitrary set of condi-
tions.

08
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This entire philosophy is new to industrial boiler plants. In the past, there
has been little communication between the steam plant and the users other
than complaints when pressure was too low or too many units were drawing
steam at the same time.

Recognize that the products from most process plants contain no more
energy than the feedstocks, and usually less. In this context, neither the
boilers nor the electrical feeders put any energy into the products-all of the
energy they supply ultimately only warms the environment. Then consid-
erable energy can be saved by optimizing the way in which it is applied t
the process-the multiple-effect evaporator is a notable example.

The incentives for optimum steam plant management are many. Not only
will fuel be saved but feedwater as well, and wear in valves, pumps, and
turbines will be reduced. Of equal importance, the loading of the steam

plant can be substantially reduced so that a production increase could be
obtained without adding another boiler.

A. STEAM TURBINE CONTROLS

The real challenge in an industrial steam plant is balancing heat and work.
Electricity purchased from a central-station power plant contains typically
onlye 32% of the energy supplied to that plant. Therefore, purchased elec-
tricity carries a premium price. Power generated in the industrial steam plant
can cost considerably less, if the plant is properly balanced.

In general, mechanical equipment is more efficiently driven by steam
turbines than by constant-speed electric motors. Although small turbines
are not as efficient as the larger ones which are used to drive generators, they
avoid the conversion from shaft work to electricity and back. Secondly,
steam turbines may be operated at reduced speeds, thereby allowing energy
savings in a controlled situation. These drives must be manipulated to
satisfy the power requirements of the process, in the same way that its heating
demands must be met. Ifa process's power demands exceed its proportionate
heating demands, there will be an excess of exhaust steam which needs to be
condensed and therefore wasted. If the heating requirements exceed the need
for power, some steam must bypass the turbines to make up the deficiency.
This represents lost work and should be minimized.

Flexibility can be added to the plant, to allow heat-work balancing, if
one or more turbines is used to generate electricity. Then if an excess of
exhaust steam appears, the turbine(s) generating electricity can be cut back,
and more electricity will then be drawn from the power lines. If exhaust
steam is insufficient to supply all the process heating needs, then electrical
generation can be increased to provide the balance. In this case, the flow of
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purchased power would be reduced, or, in the extreme, the plant could sell
power to the utility. While this situation is not commonly encountered ii
should be an important consideration for the future.

1 Condensing and Noncondensing Turbines

Because central-station power plants have no market for low-pressure
steam, their 'turbines are designed to discharge directly into a condenser.
Their cycle efficiency is maximized when the condenser temperature and
pressure are, minimized. Some turbines in industrial boiler houses are also
of the condensing type. They are virtually all used for generating electricity,
because there is no other demand for shaft work in the boiler house where a
large condenser would be located.

Turbines used to drive pumps and compressors are scattered about the
process plant. 'Because of their distribution and wide variety of sizes, it does
not make $ense to use condensers with these turbines. However, they cannot
be allowed to exhaust to the atmosphere, as this would waste valuable
feedwater and energy as well. Consequently, these turbines generally exhaust
into a header where the pressure is high enough for the steam to be useful
for heating.

In this context, noncondensing turbines are frequently called "back-
pressure” turbines, as they discharge into a backpressure maintained on the
header. The lower that backpressure the more energy can be extracted from
the steam by the turbine. Consider, for example, steam at 600 psia and 600" F
throttled to 500 psia at the inlet of a backpressure turbine. Steam enthalpy
at the inlet is 1290 Btu/Ib. If the steam is expanded isentropically to 150 psia,
its enthalpy at discharge would be 1188 Btu/lb, the difference of 102 Btu/Ib
being converted into work. However, turbines are typically only 70%
efficient, such that only 71.4 Btu/lb would be converted to work, leaving the
exhaust at 1218.6 Btu/lb and slightly superheated instead of wet. If the
turbine backpressure could be reduced to 120 psia without changing inlet
conditions, isentropic expansion would reduce the enthalpy to 1160 Btu/Ib.
At 70% efficiency, the enthalpy converted to work would be 91 Btu/lb, an
increase in shaft work of 27.5% over opei-ation at 150 psia backpressure.

By contrast, variations i supply pressure have very little effect. If the same
turbine is supplied steam at 550 psia and 600°F, and again throttled to
500 psia, exactly the same work is recovered in discharging to 150 psia as
before. The throttle must open wider to deliver the same steam flow with
half the pressure drop, but that is the only difference. A general conclusion
can then be drawn that all header pressures in a steam plant should be as
low as possible, consistent with meeting the control objectives of the process.
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In general, the pressure at the inlet ofa turbine (downstream ofthe throttle)
varies linearly with steam flow. In fact, the inlet pressure to the first stage in
large generating plants is used as a flowmeter, being virtually as accurate as
a nozzle, and linear, where a nozzle differential pressure is related to the
square of flow. Variations in backpressure have relatively little effect on the
flow-inlet pressure relationship as long as the inlet pressure is greater than
twice the absolute backpressure. Consequently, changing the backpressure
in the earlier example did not alter either the flow or inlet pressure.

However, if a turbine delivering shaft work to a pump or compressor
sustained a backpressure change, the work delivered to the process would
be affected. Then the process controls would have to readjust the throttle to
restore the controlled variable to its previous value, producing a net change
in steam flow and therefore inlet pressure. For example, the 27.5% increase
in shaft work per pound of steam brought about by the reduction in back-
pressure from 150 to 120 psia would promote a decrease in steam flow. If the
steam flow were decreased by the same proportion, however, the throttle
would have to lower the inlet pressure to 392 psia. But the loss in available
work caused by this much throttling offsets most of the effect of the reduced
backpressure-shaft work would be reduced to 77 Btu/lb. Consequently, the
throttle will ultimately seek a middle position, giving an inlet pressure of
about 430 psia and a reduction in steam flow of perhaps 14% of the original.
Table 31 summarizes these conditions.

If the turbine were being used to generate electricity, it could be operated
in an unconstrained mode, i.e., accepting all available steam. Then the entire
increase in work caused by the reduction in backpressure would have been
usable.

In the inflexible case where all turbines are under process control, a heat-
work balance can sometimes be reached by adjusting turbine backpressure.
When work demands exceed the need for heat, excess low-pressure steam
may have to be vented, condensed, or better, used to heat boiler feedwater.

Table 31

Effect of a Reduction h Buckpressure an a Noncondensing Turbine

Inlet pressure Steam flow Back pressure Enlhalpy loss Work

(psia) (Ib/hr) (psia) (Btu/Ib) (Btu)
500 10 150 714 714
500 10 120 910 910
392 078 120 770 701
430 086 120 827 711
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However, if its pressure can be adjusted downward, more work can be
extracted per pound of steam, and the turbine controls will then reduce ;the
steam flow accordingly. In many cases, this could reduce the excess flow to
zero, and thereby save considerable energy. Naturally, constraints on header
pressure exist-if it were lowered too much, some of the users may fail to
obtain their required heat. A discussion on header-pressure optimization
follows later in the chapter.

2. Extraction Turbines

Most condensing turbines have taps where steam can be extracted between
stages for heating. In central-station power plants, steam & extracted at
several points for feedwater heating, leading to substantial improvement in
efficiency. There are obvious limits to this practice. While increased extrac-
tion recovers .more heat, it produces less work as well Furthermore, the
extracted steam gives up its latent heat to the sensible heat of the feedwater.
Cons quently, only a relatively small fraction of the steam may be usefully
extracted for feedwater heating. And because the heat transfer is non-
isothermal, heating must be broken into several stages, each using steam
extracted from a different point in the turbine.

Again, central-station power plants have no other use for extracted steam
than to heat feed water. Industrial steam plants have manifold uses for steam
as well a work, and therefore have turbines specifically designed for large
extraction flows. Reference (1) describes both single and double extraction
turbines which supply large volumes of steam to low-pressure headers. They
are designed to operate at throttle pressures to 1250 psia or more, discharging
into a condenser. Extraction pressures are typically in the 150-250 psia
range for th!! single-extraction turbine, with a second discharge in the 40-50
psia range for the double-extraction unit.

In essence, the turbines are segregated with throttle valves between the
sections as shown in Fig. 3.1. The valves are usually linked mechanically so
that an increase in the demand for shaft work will open all ofthem. Extraction
pressure regulation is then achieved by moving upstream and downstream
valves in opposite directions, to avoid changing shaft work

The rangeability of these turbines is fairly broad. Extraction flow can be
reduced to zero or increased to carry almost the full throttle flow. Only a
small flow of cooling steam-perhaps 3% of the total-must flow through
all stages. This is maintained by a low limit on the extraction throttle valves.

It is possible to lock the extraction throttle valves in a wide-open position,
and either float the turbine on the steam headers or insert control valves in
the extraction lines. -Then load control would be entirely left to the inlet
throttle valve, and header pressure regulation would be independent of the
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Fig. 3.1. Extraction turbines are essentially split into sections, each with its own throttle
valve, The valves are mechanically linked for combined load control and pressure regulation.

turbine. Alternately the throttle valves could be operated independently of
one another, s that electrical load control could be assigned to the last valve,
for example. This type of operation & discussed under Section A.4.

3. Controlling Shaft Power

The shaft power delivered by a turbine is the product of speed and torque.
The type of load being driven principally determines how these components
vary. For example, an alternating current generator is fundamentally a
constant-speed device. If operated in isolation from all other generators,
its speed and hence the frequency of its generated power can vary. But each
generator represents a tiny fraction of the total mechanical inertia on the
electrical grid to which it is connected. If no shaft power is applied to an
ac generator connected to the line, it acts as a motor. Therefore, the ac
generator always operates at the same speed, as long as it & connected to the
line,and its power output varies directly with the applied torque. Opening
the throttle valve increases kilowatt output without affecting the speed.
However, prior to connecting to the line, the speed of the generator must
first be synchronized to line frequency.

Constant-torque loads are typified by hoists and conveyors which trans-
port a uniform mass of material over a fixed distance. Production rate is then
determined by speed, which i regulated by the steam throttle. The power
required to lift a load is the product of its weight and velocity. Therefore, i
a constant-torque system, power is directly proportional to speed.
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Fluid pro pulsion tends to be neither constant-to Iqu e No T constanjc—s peed£
If a fluid w ere mo ved against a do minant stat1§ head, the power I'qul_JilremeeI;
would approach the product of pressure diffe rence angl flow. 'Owjt
resistance to flow develops a dynamic head lo ss which i pro po rtio nal to
flow in the viscous regime and to flow squ ared m.the tu tbulent regm;e‘;h

The flow develo ped in a pipe is airectly proportio nal to the' speed o i e
prime mover, and the torque is proportional to the head it is wor .1n§
against. If thetdynamic head varies with flow squared, the power requ;rlz
from the prime mover Varies witli flow cubed. Consequently, ﬂI;OWT . o
tends to vary, with speed cubed. Naturally any static head affects the fe a ¥0n—s
ship as Well. Load curves are de veloped for certain co mpresso r applicatio I
B Eh:rrl);ezate, control of flow o1 pressure p a pipe is no rmally achievedﬂb;y
manipulating the speed of the turbine .drn.rmg the pump or Co'll‘nﬂlzresso r. ! e
tu rbine gover nor then respo nds by adjusting the throttle u ntil the necessary
s Pee d is attaine d.

4. Electrical Load Controls

In the central-statio n po wer plant, each turbo genf:rato r must be co ntro H?dl
to meet the electrical demands placed on it by the dispatcher. In an lnld u s(’;rla
power plant, a specific demand for electrical pow er should not bg place O;lf
the generating System, unless it is indepenqent Qf the electrical grid .ld
connected to the grid, such that power is b.e.mg cither purcha}se(.i ol soar,1
electricity generated within the indu strial facility sho uld be optimized on
ecczlflhoengist)a:clz.no mic choice is to minimize the steam b'eing sent1 50 cclr;
de nsers, as this represents heat loss. Then co nd ensing tu.rbmes Sh.o u Srlllot *
operated except under abno rmal co nditi? ns. .E).(tracuo n 'tL'lrbm"F;l Vo:lve
operate with their last throttle valve set in its minimum po sitio nh at ralve
should not open u ntil the next upstream valve is Clo. sed, in w hich case t}e;at
is an excess of low-pressure steam to be used. It 1s.pre.fe rable to Use o
steam to generate power than to vent or Condense it without do 1lr<1gFWo .
How ever, lo w-pressure is more valuable for heating than for wo K. 1gu§z

17 indicates that 50 psia steam contains about 350 Btu/lb o f a}valli?le vgo;b,
only 70% o f which, or 245 Btu/Ib, is reco verable in th.e tu'rbm'e. use : r
he at, ho we ver, 924 Btu /lb can be reco vered by condensing it at its sa(:cu raf 151 n
temperature o f 281°F. The recove rable work o nly represents 26..5%) of the
recoverable heat, which is below the cfficiency of central-station power
plants. In o ther wo rds, it is more econo mical to purchase power the.m to
generate it with low -pressure stearn, if that steam can be used for heating-

.ven to heat f: ea water. Ho wever, if there is an excess of low-pressure bs.team,
as indicated by a rising header pressure, it should be sent to the turbine.
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Ideally, all heating steam (e xcept that w hich must be at the highest available
pressure) should be taken fro m turbine exhausts. Therefore, both inte rme-
diate and low -pressure headers should be supplied fro m turbines, either a
do uble -extractio n tu rbine or ind ividual back press ure turbines. If ind ividual
backpressu re turbines are used for ele ctrical generatio n, their thro ttles sho uld
be manipulated to control the pressures in the headers into which they dis-
charge. In mo st cases, other turbines, which are under control from the
process they drive, will o perate in parallel with those gene rating e lectricity.
Then as either the work load or heating load shifts, the header pressure
controllers will force the generating turbines to adjust acco rdingly. The
generated power must then be expected to swing frequently and extensively
to keep the header system in balance. The electrical gria then acts as u
reservoir that acce pts the normal fluctuations in the heat and wo rk lo ad o f
the plant.

There are o bvio us constraints to this mode o f o peratio n. Thro ttle valves
could be forced closed o1 fully o pen, in which case pressure co ntro I would be
lost. Then pressure-red ucing valves may be o pened as described later in the
chapter. On the «lectrical side, the capacity o fan individu al ge nerato r could
be exceeded, so that limits have to be applied.

A very important consideration is the "demand charge" assessed on
purchased po wer by the utility. In add ition to rate charges, in w hich energy
is priced on a kilow att-hour basis, a demand charge is assessed against the
monthly peak kilo watt flow, as averaged o ver short (e.g, 15-min) demand
intervals. The purpo ses o f the demand charge are to provide incentive for
users to level their loads, and to pay for the capital costs of the po wer plant
facilitie s needed to meet peak demands (2).

Generating power within an industrial plant will not only reduce the
purchased kilo watt hours but it can also shave the peaks fro m the kilo watt
usage. If the turbine-ge nerators are always under header-pressure contro |,
plant steam usage will be o ptimized, but w itho ut regard to the demand for
purchased po wer. The “spinning reserve,” represented by a generator syn-
chronized with the line but prod ucing below its capacity, can be used to
shave these peaks. The reduction in demand charge achieved in this way can
usually o ffset a temporary shift away from an o ptimum steam balance.

Electrical generatio n with an extraction turbine can be increased simply
by o pening the throttle to the last stages. Steam diverted there from the
lo w-pressure header wou la cause a reductio nin header press ure which wo uld
open the other throttle valves and further increase generation. Or the
mechanical linkage could open all valves directly. In either case, header
pressure s Wo uld still be regulated.

If the electrical generation is accomplished by a backpressure turbine,
increasing its generation will sacrifice header-pressu re control. In this case,
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control of pressure must be transferred to the feedwater heater, as shown in
Fig. 3.2. As long as the use of purchased power lies below the demand 'limit,
the signal from the kilowatt controller to the high selector will be low, .ind
therefore not selected. But when generation must increase to limit purchased
power, the throttle valve is directed to open further. Then the differenc
between the throttle valve position and pressure controller output is imposed
on the feedwater heater valve. The pressure controller then effectively
operates that valve. The pressure controller should be adjusted for its normal
function of perating the throttle valve. Then the gain G of the subtracting
device should be adjusted for control-loop stability when the heater valve is
being manipulated. This technique of automatically changing control-loop
assignments is described in Ref. (3).
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power
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Fig. 3.2. When electrical generation is required to increase, header-pressure control must be
transferred to the feedwater heater.

Under ideal conditions, the turbine is under pressure control, generating
enough power to keep the purchased power well below demand. The kilowatt
controller is then not in command, but needs to be ready to take command
should purchased power rise to meet the demand limit. This conditioning
is performed through external feedback. The kilowatt controller typically
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has proportional and integral action such that its output m responds to
deviation e between purchased power and set point:

: m=-1:(e+ifedt) (3.1)

where Pis the percent proportional band and J is the integral time constant.
(For background information on controller modes, the reader i urged to
consult Ref. 4) The integral function in some controllers & provided by
positive feedback of the output through a first-order lag of time constant/,
as shown in Fig. 33. In the steady state, the input and output of the lag will
be equal, in which case emust of necessity be zero. If eis other than zero, the
output is continuously being changed by the positive feedback.

— S @ifeyy | Deviation 1001 I S oL
_____ D RS
r e L | L¥ m
|
¢ I
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Controlled I
variable f
Lag I jo—roro
Feedback

Fig. 3.3. Integral action in a controller may be achiev;:d by positive feedback, allowing it
to be stopped by opening the feedback loop.

If the positive feedback loop is opened at the broken line, and another
signal f inserted in place of 71 a steady state will be reached when

m=J + (100/P)e (32)

In order for the controller's integral mode to function, ./ must equal 7 but
ifit is necessary to stop integral action,/ should not equal m In the system
shown in Fig. 3.2, feedback /" is equal zom only when mis selected to operate
the throttle valve. If the pressure controller needs more steam to maintain
header pressure than the kilowatt controller does to meet electrical demand,
the output of the pressure controller m, will be selected for throttling. Then
m, is fed back to the kilowatt controller bringing its integrating action to a
halt. Note that m = m at the point of selection, in which case Eq. (32)
indicates that the kilowatt deviation will be zero.

The pressure controller does not require conditioning by feedback. If it is
not manipulating the throttle valve, it is manipulating the heater valve-
therefore, it is always in control.
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5. Controlling Multiple Turbines

Manipulating more than one turbine to control electrical gene{ﬁtimz1
complicates the system considerably. The plant operator must bg able _tF
valance the load between generators as he sees fit. The bias stations ()
<hown in Fig. 3.4 are provided for this purpose; they alsg should be eqmgped
with adjustable limits and a manual mode of operation to permit base-

i turbine. )
loa"lc‘lén%;)efveeanctp the balancing adjustments or imposition of 1im1tsh frorln
upsetting generated power, the weighted average position of the throttle
valves is fed back as measurement to a valve-position controller. Becaufse
this controlier only encloses instruments in its loop, it can be a('ljusted. or
very rapid response- an integral time constant of less than 1 secis possible.

Demand
limit
Purchased
Kwe PO

Feedback

| +

Generator
_‘t \ balancing

> > | PC

4

Turbine
R
Fig. 34. The valve-position controller repositions_ﬁle throttle valves very quickly folloMng
a change in the output of the kilowatt controller, either pressure controller, or a balancing
adjustment.
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Then any change affecting a valve is quickly acted upon to adjust the re-
maining valve(s) to maintain the previous average. If the installed charac-
teristics of the valves are reasonably lineai:, or if they are operating in the
same portion of their travel, little upset to generated power should result
from such an adjustment. Additionally, failure of any valve to respond to
control action because it is in manual or under pressure control affects only
the gain of the very fast valve-position loop. The response of the kilowatt
control loop is essentially uniform for all conditions.

Should no valves be under kilowatt control because of pressure control
override or other reasons, the valve-position controller will sustain a s teady-
state deviation. By using the valve-position signal as feedback to the kilowatt
controller, its integration is stopped by a valve-position deviation. The KWC
is therefore always conditioned properly; the VPC is not, but its extremely
rapid response . ffectively eliminates the need for conditioning.

6. Choked-Flow Control

When the velocity of the vapor leaving a turbine exhaust exceeds the tip
velocity of the blades, further increases in flow produce comparatively little
increase in shaft power. This condition, known as "choked flow," represents
the practical upper limit of exhaust velocity.

The two factors affecting exhaust velocity are the mass flow of steam from
the last stage, and its absolute pressure. Mass flow is determined by load
and is not ordinarily controllable, although exhaust pressure is controllable.
The pressure in the header into which a noncondensing turbine discharges
could be increased in proportion to mass steam flow to keep the velocity
from increasing above choked flow. With a condensing turbine, condenser
pressure could be raised by reducing the flow of cooling water to accom-
modate an increased mass flow.

Specifically for a turbogenerator, which operates at constant s peed, mass
flow is linear with absolute inlet pressure. Then exhaust velocity will be
proportional to the ratio of absolute inlet pressure to absolute exhaust
pressure. A ratio controller can then be used to keep exhaust pressure in a
certain ratio to absolute inlet pressure. An exhaust pressure higher than this
ratio will reduce turbine power, whereas an exhaust pressure lower than this
ratio will not result in any significant increase.

B. STEAM HEADER CONTROLS

To this point, the effects of backpressure turbines and header pressure on
cach other have been explored. Pressure control using these turbines has also
been described. There are many other considerations, however, principally
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stemming from the demands for heat at various pressure levels in the plant.
Only after all of these factors have been taken into account can an effective
header-management system be devised.
-
1. Regulating Header Pressure

Steam headers are actually low-capacity reservoirs of energy distributed
through the plant. Flows are continually entering and leaving through
various paths- and at changing rates. A balance of inflows and outflows is
rarely reached without being forced by a pressure controller. When demands
exceed receipts, the controller must deliver more steam from a higher-
pressure source, either through a turbine or let-down valve. (The exception
is the highest-pressure header, which is supplied directly from the boiler
and whose control is subject to heat-input manipulation.) When receipts
exceed demand, some steam must be spilled to a feed water heater, condenser,
or vent.

If control is not enforced, the pressure will rise or fall in an attempt to
regulate itself. During a heavy demand, falling pressure will reduce flows
to all users. As long as the controllers on those users can react by opening
their valves more, they can still be satisfied and pressure will continue to
fall. Only when one or more valves are fully open or otherwise limited will
flow begin to decrease and pressure begin to stabilize. The converse is true
ofan oversupply and subsequent rising pressure. Needless to say, ifa balance
is not r.eached, at least some of the processes using the steam will be adversely
affected.

Regulation of pressure with simple reducing and relief valves is effective
but also wasteful. To conserve energy, priorities must be assigned to sources
and users f steam in order of their cost. Because work has already been
extracted from turbine-exhaust steam, it should be used to the fullest, as
described in Fig. 3.2. However, high and low limits of steam availability
may be encountered in that source, and the control system must be capable
of reacting to those limits. If more steam is required than the turbine(s) can
supply, only then should steam be let down through a valve from a higher-
pressure source.

Priorities also exist for rising pressure. If the turbine throttle is closed or
limited by the kilowatt controller, steam must be released, first to heat
feedwater, then to a condenser, and vent in that order.

Figure 3.5 shows a method for controlling header pressure by manipulating
a noncondensing turbine within limits. This system differs from that shown
in Fig. 3.2, primarily in the addition of the let-down valve and its sequencing
with the heater valve.
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Fig. 3.5. Header pressure should be controlled by
generator; bypassing the turbine with a let-down valve
only be resorted 70 when the turbine is limited.

manipulating a noncondensing turbine-
Or using steam to heat feed water should

Since let-down valves pass steam between headers which are maintained
at constant pressure, they should have a linear characteristic. Turbine
throttle valves, on the other hand, face constant upstream pressure, but
downstream pressure varies with flow. Therefore, they require the equal-
percentage characteristic. The same is essentially true of the heater valve. To
increase heat transfer through the heater surface, its temperature difference
must rise proportional to flow. Thus the pressure at which the steam con-
denses in the heater will change with flow.

The let-down and heater valves are operated in split range through the
action of their positioners. Both valves are closed at a 50% control signal,
with the let-down valve opening above 50% and the heater valve opening
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below. The subtractor is then calibrated to produce a 50% output when its
two input signals are equal.

Relief of excess steam to any other sink except a feedwater heater mer]jts
careful consideration. If it i discharged to a lower-pressure header it will
surely become an excess there. The problem is thereby not solved but merely
passed on. The natural consequence of relieving steam from a higher- to
lower-pressure header is a cascading of flows to the lowest-pressure header
and on to the condenser or vent. In effect, the excess steam at the point of
origin is being sent to the condenser or vented.

Rather than waste steam to condenser or vent, a high-pressure override
should limit power generation by the turbine exhausting steam into that
header. Then the kilowatt controller would fail to keep purchased power
below demand, and load-shedding must be initiated. An independent pres-
sure controller having a higher set point is used for the override function as
showq in Fig. 35. It would allow header pressure to float somewhat above
the normal set point before initiating an override. This will increase the
capacity ofithe header to absorb momentary upsets, and also force more
steam into the feedwater heater.

When the override controller assumes manipulation of the turbine throttle,
a difference will appear between the signals connected from the low selector
to the subtractor. Thus the output of the subtractor represents deficient
generating capacity, and can be used as a load-shedding signal. If the over-
ride controller has an adjustable high limit, that limit can be used to set the
maximum steam flow to the turbine. Any departure ofthe kilowatt-controller
output above that limit will also develop a proportional signal for load-
shedding.

Should the override controller be incapable of limiting pressure rise,
having closed the turbine throttle to its low limit, the situation has become
unmanageable. Then an alarm should be sounded and excess steam relieved
to a vent or condenser.

2. Desuperheaters

Steam that is let down from a higher pressure becomes superheated at the
lower pressure. Superheat is desirable for work-producing equipment but
not for heaters. Therefore, desuperheating should be applied to any let-down
stream that will be used for heating.

Desuperheating & accomplished by mixing the superheated steam with
condensate to approach a more saturated condition. Mixing has been cited
as an irreversible process which should be avoided, but pressure reduction
through throttling is also. Irreversibility in the desuperheater can be mini-
mized by using condensate which most nearly matches the saturation
temperature of the steam.
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To produce 11b of saturated steam at enthalpy H requires x, pounds of
superheated steam at H, and (I - x,) pounds of water at H,,

H=H ;x,+ H;(1 - x1 (33)
Rearranging,

x,=(H- HyJH,- H,) (3.4)

The higher H, is, the smaller X will be. Therefore, the least flow of super-
heated steam will be required when H2 corresponds to saturated liquid at
the operating pressure.

An entropy balance bears this out, as would be expected. Table 32 lists
the required flow of steam at 600 psia and 600"F needed to produce 1Ib of
saturated steam at 150 psia. Remember that the steam i being let down to
provide the needed flow of saturated steam at the lower pressure-not to
relieve excess high-pressure steam. It should be noted that the entropy of
mixing is far less than the entropy gained by letting down the steam. The
contribution of throttling 09 Ib of steam from the stated initial to final
conditions is 0.1164 out of the 0.1390 Btu/°F given in the last column.

Table 3.2

Requirements of 600-psia, 600- F Stealll to Make One Pound of 150-psia
Saturated Steam

Walr lemJ<lalure Water enlhalpy Steam req'd Entropy increase

U (Btwlb) (Ib) (Btu/lb-"F)

358" 3305 0.900 0.1390

212 1801 0914 0.1427
60 280 0924 0.1493

"Salurated at 150 psia.

Figure 36 shows a desuperheating system using condensate from a high-
pressure heater; heated boiler feedwater could be used if no high-pressure
condensate is available. The mixing is best achieved in a three-way steam-
conditioning valve such as that offered by Yarway Corporation (5). As the
pressure controller opens the steam inlet port, the water inlet port opens
proportionally, providing a regulated amount of desuperheating. An addi-
tional valve on the water supply line is manipulated to reach the desired
final temperature.

Lack of availability of condensate, as indicated by a low level in the
condensate pot, would cause a reduction in allocation for desuperheating.
The level controller output is amplified by a factor G and passed to a low
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Fig. 3.6. Let-down steam should e desuperheated with the hottest availabl.e condensate;
diffen:ntial vapor-pressure control will maintain superheat under conditions of variable pressure.

selector to be compared with the output of the superheat controller. The
value of G is set high enough to avoid interfering with superheat control
except when the level is very low.

Superheat s measured in this system by a differential vapor-pressure
device (6). This device is essentially a differential pressure transmitter, one
side of which is a filled thermal system. The filling fluid-in this case water-
exerts its vapor pressure against the measured header pressure on the other
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side of the cell. If the steam is saturated or wet, pressures on the two sides
will be equal; superheat i indicated by a vapor pressure higher than mea-
sured pressure. Superheat is measured in terms of pressure rather than
temperature, but the two are related linearly for any given pressure. Figure
37 plots that relationship for three pressures.

The reasons for controlling differential vapor pressure instead of tempera-
ture are its superior sensitivity (as indicated by Fig. 3.7), and its ability to
accommodate moderate variations in pressure. Being able to vary header
pressures i one of the more important aspects in achieving steam economies.

20

u)

0 200 400 600 800 1000

Differential vapor pressure, n H20

Fig. 3.7. Differential vapor pressure & linear with superheat a any given pressure.

3. Header-Pressure Optimization

The header pressures in most plants were probably assigned arbitrarily
during the early stages of design and never changed. They are among the
"untouchables" in a plant, to be accepted rather than adjusted or even
questioned. However, plants rarely if ever operate at the conditions that were
used by the designers who assigned those pressures. At any point in time,
that assigned pressure might be too low for one or more users, or far higher
than necessary for all users.

Production rate has a profound influence over this relationship. When
production is at its highest, the assigned pressure may not be high enough
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to satisfy all the users, as indicated by wide-open control valves. Yet when
production is low, valves are throttled and perhaps could accept a much
lower pressure. I

Recognizing that throttling is an irreversible process, it would seeril
desirable to force control valves farther open, yet without losing control of
their individual variables. This can be done by reducing header pressure as
production rates cause valves to close. In order to satisfy all users, howeyer,
the pressure must be held at a point that will keep the most open valve just
short of fully' open.

The system shown in Fig. 38 accomplishes this. The positions of all the
control valves supplied by the header are compared in a high selector. The
position of the most open valve is then maintained at 9 or 95% open by a
controller which adjusts the set point of the header-pressure controller,
between specified limits. Rapid fluctuations in pressure are not allowed, as
they will upset all the users. Therefore, the valve-position controller must
do its job slowly, having little or no proportional action, and an integral
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Fig. 38. Header pressure should be as low as possible, consistent with satisfying the most-
open valve.
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time of several minutes. Because of its slow response, it cannot hold the
selected valve position tightly at the set point, but only keep its average
position there. Then short-term upsets will be quickly countered by the
action of the pressure controller, while long-term variations in load will
cause header pressure to rise or fall slowly. Using the measured pressure as
feedback to the valve-position controller will properly condition it whenever
limits are encountered, or when pressure is controlled at a locally set value.

This system will keep the header pressure as low as possible consistent
with steady-state loads. The virtues of minimum-pressure operation were
pointed out in conjunction with Table 3.1. Reducing turbine backpressure
from 150 to 120 psia increased the work recovery by 27.5%, without incurring
any other debit. The heaters using this steam would notice its enthalpy
reduced by less than 20 Btu/lb in 877 (the latent heat of 120 psia steam)-
hardly a significant factor. In fact the steam they use would become less
superheated at the lower pressure and reduced throttling-so all users would
benefit.

A turbine having a variable-pressure supply would be unaffected as long
as its throttle valve is less than fully open. This was also discussed earlier.
Therefore, all header pressures should be at their minimum level, consistent
with user needs as achieved. by the system of Fig. 3.8.

4. Accommodating Variable Pressure

Some users can accept variable steam pressure if the variation is slow
enough. Simple heat exchangers which are under temperature control are
capable of correcting for an upset in supply pressure well within a minute.
The valve-position controller of Fig. 38 ought to be adjusted with an
integral time of several minutes-perhaps even an hour. Then it would be
incapable of promoting a change in pressure that would be rapid enough to
upset the variable under control.

Similarly, liquid level is quite often controlled by manipulating the heat
input to vaporizers and reboilers. This variable responds even more rapidly
than temperature to changes in heat input, and therefore would not tend to
be affected by gradually varying pressure.

The steam to many processes i under flow control. Then a change in
steam pressure that is large enough to cause a flow change will be acted upon
by the flow controller to restore flow to the set point. However, flowmeter
calibration is also affected by pressure.

Orifice meters are the most common elements for measuring steam flow.

The differential pressure h developed across an orifice is related to mass
flow Mas

M=KJhfv 3.3)
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where k is a scaling constant and v is the specific volume of the steam. If

steam were a perfect gas, its specific volume would be related to absolute
temperature T and pressure p as

v=RT/wp (3.&).

where R is the universal gas constant in appropriate units, and wis the
molecular weight of water, 18. But because steam is far from ideal, its specific
volume can only be approximated over limited ranges of temperature and
pressure as

Vv, =@+ bD)/(c+p (37)

Coefficients a, h and c can be found to match three points of v versus T and
p, bracketing the expected operating range. If the thus-calculated values of
v, do not satisfactorily agree with tabular values of v in other important
areas, then a;b, and c should be readjusted for a better fit.

For saturated steam, a plot of specific weight 1/ against pressure forms a

nearly perfect straight line at low pressures, as seen in Fig. 3.9. In this case,
the mass-flow equation reduces to

M=k h@p+b (338)

where a and bare selected for the best fit.

In many, ifnot most, processes, however, heat flow is more important than
mass flow. Then variations in enthalpy as well as specific volume should also
be taken into account. The heat flow through a steam flowmeter can be
expressed as

Q= tiHM = tiH kJWW (39)

where AH is the heat given up in condensing the steam at the metered
pressure. Ifthe steam actually condenses at a lower pressure due to the pres-
sure loss across the control valve, or ifthe condensate is subcooled, more than
tiH will be given up. Nonetheless, Eq. (3.9) will give a more accurate resdt
than applying no compensation at all.

The group AH?/vwas factored from Eq. (3.9) and plotted against pressure
for saturated steam in Fig. 39. Although its plot is not as linear as that of
1A, it can still be linearized accurately over limited operating ranges. The

form of Eq. (3.8) may be applied, selecting coefficients a and b to fit the
operating region:

Q=kJh(ap + b (3.10)

If the steam is superheated, increasing temperature (at constant pressure)
raises both AH and v. As it happens, the simultaneous variations in the two
terms bring about nearly complete cancellation. Therefore, Eq. (3.10) can
be used for both saturated and superheated steam, again with a and b selected
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Fig. 3.9. The orifice correction factor for mass flow is linear with saturated steam pressure.
while the correction factor for heat How exhibits some curvature at lower pressures.

for the best fit in the operating region. Figure 3.10 describes how pressure-
compensated steam flow would be applied to an evaporator to control
product composition.

Certain processes having extensive capacity can be used as scavengers of
low-pressure steam. One that is commonly employed in the food-processing
industry is the multieffect evaporator. Insufficient steam may be available
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Fig. 3.10 Users can be protected against supply pressure variations by manipulating
pressure-compensated steam How instead of valve position.
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at any point to produce evaporation at the desired rate. However, the control
system can be designed to reduce feed rate in proportion to steam availabil,ity.

In essence, the steam flow to the evaporator would be set proportional to
the liquid level in the feed tank, and feed rate set proportional to steam fld*.
Then an interruption in steam flow would cause a commensurate reduction
in feed rate, thereby maintaining control over composition, but losing
control over feed-tank level. However, feed-tank level does not really require
control-it nly serves a an indication of inventory and a request for
average production. When steam flow is restored, production resumes at a
rate proportional to tank level If the tank & capable of holding an hour's
inventory of feedstock or more, steam shortages lasting several minutes may
be accommodated with ease. The only requirement is that the average
availability of steam must at least match the average feed rate. This system
is outlined in detail in Chapter 6

C.  BOILER CONTROLS

The boiler is required to respond to the changing demands of a multi-
plicity of steam users. How well it can meet these demands depends on the
responsiveness of its controls and the rapidity with which these demands
vary. Heat capacity and water storage between the fuel and the steam user
are the ultimate limiting factors, assuming that the control system performs
its function.

However, response to demand is of itself insufficient-the manipulated
flows of fuel, air, and waler must be balanced to satisfy the critical levels,
pressures, and temperatures in the system. The controls described here are
devised to maximize response while maintaining these balances. Feedforward
control is used extensively in boilers to achieve the requisite combination of
balance and response.

Boilers are available in two basic designs: fire-tube and water-tube. Fire-
tube boilers are generally limited in size to about 25000 lb/hr, and 250 psig,
saturated steam. While they are noted for their ability to respond to changing
demands, their size and pressure limitations preclude their use i large
industrial facilities. Due to thermodynamic considerations, boilers should
produce steam at high pressure and temperature, to realize a maximum work
efficiency. These conditions are only achievable with water-tube boilers-
hence they are given prime consideration.

1. Drum-Level Control

The steam drum functions to disengage steam from the two-phase mixture
rising from the evaporating section of the boiler. The liquid phase is returned
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through a downcomer to absorb more heat, completing the natural-
circulation pattern as shown in Fig. 3.11. At pressures above 2000 psig, the
density difference between vapor and liquid decreases to the point where
natural circulation may not provide the velocities needed for efficient heat
transfer. Then forced circulation is required. Some lower-pressure units that
are expected to respond rapidly to load changes such as combined-cycle
units (7) also used forced circulation. But whether the circulation is natural
or forced, the drum-level control problem is the same.

Aside from thermal considerations, liquid level is relatively easy to control
by manipulating the inflow to the vessel. However, the boiling of the two-
phase mixture into the drum causes spontaneous fluctuations in measured
level which are too rapid to be affected by control action. These disturbances
are referred to by the control engineer as noise.

Hydraulic resonance is also common to vessels with an open surface of
liquid. The liquid can oscillate from side to side like a glass of water that has

Steam

—

Feedwater

Fuel
Burner
Oawncomer Evaporating
tubes
Fig. 3.11. Partial vaporization in the evaporating tubes causes drum level to shrink when

feedwater flow increases and when pressure rises.
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been disturbed, and it can also cycle vertically in the gage glass as is seen in
a large coffee urn. This resonance is governed by the same principal as a
pendulum (4, pp. 71-73), having a natural period

ro= 2n—]z72;
where L is the distance in feet between the bounded surfaces, ¢.g., the two
sides of the vessel, or the level in the vessel and the level in the gage glass.
Constant g is the acceleration of gravity at 32.2 ft/sec* and ro is expressed in
seconds. As the dimensions within the drum lic between 2 and 20 fi, the
periods observed are between 1and 3.5 sec. While the resonance is damped
by resistance to flow, the continuous disturbances introduced by the rising
stream from the evaporating tubes are reinforced at the natural period.
Fecdwater is always colder than the saturated water in the drum. Some
steam is then necessarily condensed when contacted by the feedwater. As a
consequence, a sudden increase in feedwater llow tends to collapse some
bubbles in the drum and temporarily reduce their formation n the evap-
orating tubes. Then, although the mass of liquid in the system has increased,
the apparent liquid level in the drum falls. Equilibrium is restored within
seconds and the level will begin to rise. None thele ss the initial reaction to a
change in fedwater flow tends to be in the wrong direction, as shown in
Fig. 3.12. This property, called "inverse response,” causes an effective delay
in control action, making control more difficult. Liquid level in a vessel
lacking these thermal characteristics can typically be controlled with a
proportional band of 10% or less. By contrast, the drum-level controller
needs a proportional band more in the neighborhood of 100% to maintain
stability. Integral action is then necessary, whereas it can usually be avoided
when Ve ry narrow proportional band settings can be used.

Effective
rdeluyﬂ
Orum 1
) level ~—

Feedwoter |
flow

Time
Fig. 3.12. The inverse response of drum level to feedwater flow makes its control difficult.
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Rapidly varying demands for steam also create problems in drum-level
control. Naturally, an increase in steam generation will cause drum level to
fall until it is matched by an equal increase in feedwater flow. Steam gener-
atitm can be increased in two ways: by increasing the rate of firing, and by
allowing boiler pressure to fall. Both of these mechanisms are employed in
meeting increasing steam demands.

When a steam user opens its control valve, steam flow from the boiler to
the user immediately increases. Heat transfer through the boiler cannot
increase as quickly, even if fuel flow were augmented directly upon notifi-
cation of the new demand. Consequently, steam pressure will begin to fall.
The falling pressure causes some of the saturated water in the drum and
evaporating tubes to boil, which temporarily satisfies the new demand.
Eventually the increase in heat input will raise pressure to its original value,
and equilibrium will be restored.

However, during the time that pressure is falling, increased evaporation
raises the percent vapor in the evaporating tubes, physically lifting more
water into the drum. The falling pressure thereby causes a "swell" in drum
level- a false indication of the load change in that it develops in the wrong
dire ction. Acting on the swell, the level controller would begin to decrease
fee dwater flow, when it should actually increase. The reverse happens on a
falling demand-pressure rises, causing drum level to "shrink."

Feedforward control is used to maintain a ste am- water balance, reducing
the influence of shrink-swell and inverse -re sponse phenomena. The system
shown in Fig. 3.13 causes feedwater flow to match steam flow in absence of
action by the level controller. The two flowmeters have identical ranges,
and their signals are subtracted. If the two flow rates are identical, the

:Heam

Feedback @

. we
/L Set £ =

level I_- h"\'_:) Bl g W | Z

Feed water
Fig. 3.13. The system above provides effective feedforward control of drum level with a
minimum complement of instruments.
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subtractor sends a 50% signal to the flow-difference controller. An increase
in steam flow will call for an equal increase in feedwater flow, to return the
difference signal to 50%. .

Errors in the flowmeters, and the withdrawal of perhaps 2.5% water'is
"blowdown" (which is not converted to steam) will prevent the two flow
signals from being identical. Any error in the steam-water balance will cause
a falling or rising level. Therefore, the level controller must readjust the
set point o( Ple flow-difference controller to strike a steady-state balance.
Since its role is reduced from manipulating feedwater flow across its entire
range to adjusting only for flowmeter errors and variations in blowdown,
deviations in level from its set point will be minimized. Then controller mode
settings are not as critical, and incorrect actions caused by shrink, swell, and
inverse response are reduced.

The flowmeters used for steam and feedwater are usually orifices or
nozzles, which produce differential pressures varying with flow squared.
The system shown in Fig. 3.13 does not use square-root extractors, because
of an interesting dynamic-response characteristic often observed. The author
discovered that the period of oscillation and dynamic gain ofa two-capacity
level process varies directly with flow (8). The gain of the: feedwater control
loop without square-root extraction seems to compensate correctly for the
process gain change. The level controller essentially adjust the flow-difference
set point in increments dh where his the measured differential pressure. In
turn, feedwater flow responds in increments dF. Because

F=kJh (3.11)
then
dF/dh = k/2jh = k*2F (3.12)

Therefore, the gain variation of the feedwater-flow loop compensates that
of the process.

Figure 3.13 also shows external feedback from the 110w-difference mea-
surement applied to the level controller. This will precondition the level
controller during startup or other times when feedwater is controlled
manually or otherwise limited. For extremely low loads and during startup,
a second level controller is often used, manipulating a small feedwater valve
directly. Figure 3.14 shows how the low-range controller and valve can be
integrated into the high-range system.

When feedwater flow is low, the switches are in their left-hand position,
connecting the low-range controller to the small valve. At the same time, the
flow-difference controller is disconnected and the high-range level controller
is preconditioned to its normal 50% output. When flow reaches the normal
range, the switch is reversed and normal-range control begins.
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Fig. 3.14. When the flow of feedwater reaches the setting of th high-alarm, control is
automatically transferred to the preconditioned high-range system.

2. Boiler-Pressure Controls

Just as the drum level s an indication of steam-water balance, drum
pressure & determined by the balance between heat inflow and outflow.
Consider opening a steam valve without a concurrent change in firing rate.
Steam flow to the user will increase, but only temporarily; eventually the
steam pressure will reach a new, lower level at which point steam flow will
have returned to its former value.

Boiler pressure in an industrial facility can only be regulated by manip-
ulating heat input, for heat output is subject to the combined demand of all
the users. In order to bring about a change in pressure, the changing fuel
flow must first affect the distribution of flue gas, and the temperature of the
metal and refractory materials in the boiler. This involves a delay of several
seconds to a minute, depending on the boiler and its load level. Feedforward
control can improve pressure control by adjusting fuel as soon as a load
change is detected, instead of waiting for pressure to change first.

The actual steam flow at any point in time & not necessarily a true indica-
tion of demand, however. If a demand increase takes place when steam
pressure i at set point, the desired steam flow is obtained only momentarily.
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As pressure falls, steam flow will also fall if the user valve or valves remain
in position. A subsequent increase in steam flow caused by increased firing
likewise should not be interpreted as a load increase-this would create a
positive feedback loop, capable of destabilizing the boiler. -

The true load placed on a boiler is the combined openings of all valves
drawing steam. But rather than determining the load from a multiplicity of
valve-position signals, it can be inferred from steam flow and pressure.
Consider a combination of valves and/or turbines accepting high-pressure
steam and discharging into a pressure half as high. The flow of heat through
those combined orifices of area in can be estimated as

Q = kinp (313)
Presumably the heat flow & measurable by an orifice or nozzle per Eq. (3.10).
Then the combined valve area i for all users may be found:

fi= Qkp= li(ap +b)p (314
The plant load can then be approximated as

m NP (315)

which & probably close enough for control purposes.

Figure 315 describes a boiler-pressure control system using this type of
feedforward model. Fuel flow is set proportional to the estimate of load m
Dynamic compensation i applied in the form of a lead-lag function to help
overcome the heat capacity in the boiler. This function & described in detail
in Ref. (4, pp. 211-219) and need not be repeated here.
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Fig. 3.15. Both steam flow and pressure arc used to set the firing rate to the boiler.
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The pressure controller adjusts the ratio of fuel flow to estimated load, to
correct for inaccuracy of the model and variations in heat of combustion of
the fuel. The multiplier also changes the gain of the pressure feedback loop
preportional to load. This feature & valuable in that boilers seem more
difficult to control at lower loads due to lower velocities.

Boiler pressure should not be held at some arbitrary value any more than
header pressures. In fact, "sliding-pressure" operation has recently been in-
corporated into the design of some large central-station power plants.
During low-load conditions, the pressure is reduced so that the turbine
throttle can open wider, resulting in less loss of available work. In addition,
the boiler feed pump then works against a lower discharge head, saving more
energy. Pump power is worth saving in high-pressure boilers-as much as
3% of the gross work produced by a 2400 psig boiler is used to pump feed-
water.

The mechanism for determining the optimum boiler pressure is the same
as used for header pressures (see Fig. 38). As long as the turbine throttle
valve is less than fully open, a reduction in supply pressure has no effect on
the work it produces. But other than reducing feedwater pump power, the
advantage of minimum boiler pressure lies in utilization of the steam by
turbines, etc, as opposed to improving boiler efficiency, which i does not.
Ifa maximum of electricity should be generated, then the pressure should be
high. Only during conditions of low work loads should the pressure be
lowered, again consistent with positioning of the user valves.

3. Superheat and Reheat

Superheat and reheat increase the available work in the steam above what
is attainable at saturation. In fact, the highest work efficiencies can only be
reached by maintaining the highest possible steam temperatures that the
metals are capable of carrying. Central-station steam temperatures are
limited to about 1050 F, while those in industrial units may be considerably
less. If these temperatures can be controlled with extreme precision, they can
be pushed closer to the allowable limits. For example, excursions of +50°F
would mean that the set point would have to be held at 1000°F ; ifthe variation
could be reduced to + 10°F by more effective control, the set point could be
elevated to 1040°F. This is enough to increase the enthalpy of 2400 psia
steam by 25 Btu/lb and its available work by 17 Btu/Ib.

As steam is expanded through a high-pressure turbine, it loses superheat.
In an effort to avoid excessive condensation in lower-pressure turbines
receiving that exhaust, it is reheated to the same temperature as it was
originally superheated. At this point in the cycle its pressure is much lower,
however, typically 600 psig for a 2400-psig boiler.



98 3. Steam Plant Management

Superheat and reheat can be controlled by two different mechanisms.
Feedwater may be sprayed into the steam in an "attemperator” to reduce- its
superheat. Since this process is irreversible, it wastes available work, an<! is
therefore to be minimized. Attemperation & held at a low value in actl
practice, being perhaps 2% of feedwater flow at unfavorable loads, to zero
under more favorable conditions.

The fuel-air ratio in a boiler does not change greatly across the entire
load range;' as a consequence, flame temperature does not change signif-
icantly with 'load either. But the flow of fuel and air increase with load,
causing th hottest gases to propagate farther through the boiler. If no
corrective measures are taken, the temperature of the flue gas encountering
the superheat and reheat sections at low load are too low to transfer any
heat. Some boilers have tilting burners which can be directed toward these
sections at low load and progressively downward as the load increases.
Large coal-fired boilers have recirculation fans that return flue gas back to
the combustion zone to more equitably distribute gas temperatures. As the
load increases, fuel and air flows increase, requiring less recirculation.
Finally a load is reached where too much heat is directed to superheat and
reheat sections, and a damper must be opened to bypass gas around them.

Superheat
or reheat
temperature

Proportional Proportiona |
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integral \/ derivative
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Dampers or

ti It mechanisms Attemporator
water valve

Fig. 3.16. Steam temperature control i separated into two components, with integral action
applied to flue-gas manipulation and derivative applied to attemperation.
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The required positions of burners or recirculating and bypass dampers as
a function of load is well established for any given boiler design. Therefore,
it is common practice to program their positions directly from load. Natu-
raly, some readjustment is necessary to correct for inaccuracies in the
program and changes in the characteristics of the boiler. This is accomplished
by feedback control of temperature, using proportional and integral action.
Being applied through a multiplier, the feedback loop gain varies directly
with load, tending to cancel the inversely varying process gain (9).

Temperature control by attemperation s more responsive and can be
used to supplement flue-gas manipulation. To minimize water usage, how-
ever, and to avoid conflict with flue-gas manipulation, proportional-plus-
derivative control should be used for attemperation. The controller may be
biased to deliver a nominal amount of feedwater at zero temperature devia-
tion. The control system is described by Fig. 3.16.

D. MULTIPLE-BOILER PLANTS

Most industrial steam plants have been expanded incrementally through
the years so that their present capacity resides in several boilers rather than
one. This distribution of load-carrying capacity can be both a blessing and
a curse. Its advantages include the possibility of "base-loading” some units
at their most efficient conditions, while following demand with other faster-
responding boilers. It & possible to maximize efficiency and schedule preven-
tive maintenance when multiple units are available. However, the very
flexibility it affords presents too many management decisions. Determining
the optimum load distribution for five boilers is much more difficult than
balancing two. Similarly the multiple-boiler control system must be capable
of responding equally well regardless of the number of units in service, while
accommodating changes i load distribution and availability. These are
difficult problems, but they must be solved if the advantages of multiple-
boiler installations are to be realized.

1. Waste-Heat Recovery

Scattered through a petroleum, chemical, or metallurgical complex may
be a number of boilers which are used to recover waste heat from process
streams. Some of these boilers may be fired in that the heat is available from
the combustion of a feedstock or waste product. For example, smelting of
sulfide ores is a combustion process whose energy & readily recovered by a
waste-heat boiler. Similarly, carbon monoxide from the regeneration of
catalyst in an oil refinery must be incinerated, and the resulting heat is
usually recovered in a boiler. These combustion systems may require
supplementary fuel for startup or to avoid flameout.
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Quite often the sensible heat of products leaving a reaction systm is
recovered in a waste-heat boiler. While using this energy to preheat feed or
to heat boiler feedwater is perhaps more common, the waste-heat boilei;,.has
the advantage of superior temperature regulation owing to its isothermal
operation.

Regardless of the source of waste heat, recognize that its availability
depends on the operating conditions of the process. Therefore, it is a slave
to the process-the heat must be removed as it is generated in order to
maintain CQntrol over the process. Waste heat may or may not be available
when it is needed. In any case, the steam header system must accept it when
it is available, while still being capable of functioning without it.

, A pacticular difficulty arises with batch processes which produce copious
amounts of waste heat-a copper reverberatory furnace is a good example.
Before the process can be started, heat is required in the way ofsupplemental
fuel to raise temperatures, and work to operate air compressors. If a com-
pressor < steam-driven, it must be supplied by an auxiliary boiler. As the
reaction proceeds, the waste-heat boiler begins to generate steam, and the
auxiliary boiler can be cut back. Eventually more steam may be generated
than needed to drive the compressors, and another use must be found for
the excess. Finally the reaction approaches completion, with steam avail-
ability and need both decreasing. Usually a plant will have several of these
batch processes operating in parallel. They should be scheduled to minimize
the use of fuel required for the auxiliary boiler, and the waste of steam above
whate can be used to drive compressors and generate electricity.

Those waste-heat boilers which supply steam directly into the high-
pressure header can upset that pressure as process conditions change. The
measured steam flow from each should be subtracted from plant load to
properly estimate the demand for fuel. Figure 3.17 shows how these signals
would be incorporated into the pressure-control system described by Fig.
3.15. Note that the differential pressure signals must be linearized before
addition or subtraction. In this system, plant load m is calculated as in
(3.15), using the sum ofthe flow measurements. Then the heat flow demanded
of the fired boiler is calculated by subtracting the measured heat flow of the
waste-heat boilers from the plant load.

When steam from a waste-heat boiler is injected into a header, provision
should be made to accept variations in its flow without upsetting header
pressure. Accordingly, the flow of steam should be measured, pressure-
compensated if header pressure is variable, and subtracted from the output
of the header-pressure controller as shown in Fig. 3.18. The output of the
subtractor, representing the demand for additional steam from a higher-
pressure source, would be sent to the turbine control system. In the system
shown in Fig. 3.5, for example, the subtracter would be inserted directly in
the output of the header-pressure controller.
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Fig. 3.17. The steam flow from waste-heat boilers must be subtracted from estimated plant
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Fig. 3.18. Steam flow from waste-heat boilers should be subtracted from the output of the
header-pressure controller to set the demand for steam supply to the header.
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Controlling header pressures at their minimum acceptable values allows
the recovery of more steam from waste-heat boilers. The rate of heat trans(er
through a boiler is proportional to the temperature difference between the
process fluid and the boiling water. As boiler pressure is reduced, more heat
can be transferred, which lowers the process tem,, .rature until a new equilib-
rium is established. Thus the process fluid leaves with a lower enthalpy, and
more heat is recovered for use. Although the incremental heat recovery may
be small when, coupled with improved turbine power, reduced feedwater
pumping power, etc., the savings due to minimizing header pressures and
boiler pressure can be substantial.

2. Calculating Boiler Efficiency

In order to optimize a system of multiple boilers, it is necessary to deter-
mine the efficiepcy of each individual boiler as conditions change. Essentially
all the heat losses in a boiler leave via the stack. They exist in two forms,
however: iinburned fuel, and sensible heat. Presumably, the combustion
controls are adjusted to optimize the conversion of fuel to heat, such that
the quantity of unburned fuel in the flue gas is negligible. In order to achieve
this goal, however, excess air is required, whose percentage increases as load
is reduced. As stated in Chapter 2, this adjustment is necessary because
mixing of fuel and air is less complete when their velocities are low.

The increase in excess air usage at low loads causes an increase i flue
gas losses, because that air not required for combustion is heated to the
stack tein, .rature and discarded. This impairs boiler efficiency at low loads.

To recover some of the heat in the flue gas, large boilers are fitted with
economizers to heat feedwater, and air preheaters to warm the combustion
air. These are convective devices because of the tem , .rature ranges covered,
and therefore follow the laws of heat transfer by convection. As the plant
load increases, the rate of heat transfer from the flue gas to feedwater and
incoming air must increase in direct proportion if heat loss is to remain a
constant fraction of the fuel flow. However, the flm coefficients on both
sides of the heat-transfer surface increase only with the 0.8 power of velocity,
such that they fail to keep pace with increasing flow rates. As a result, the

crature difference across the surfaces must increase somewhat with
loacf causing heat loss to thereby increase.

The heat lost to the stack is the sensible heat i the flue-gas mixture.
Considering that the total mass of flue gas is the same as the mass of fuel and
air entering the boiler,

Q= (F+A)Cp(T, - T.) + 6HFw (3.16)
where Fis the fuel flow (ash-free), A the air flow, C, the average specific heat
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of the flue gas, and T, and Ty the stack and ambient temperatures. The last
term is the heat required to vaporize mass Fw of water formed in combustion.
Airflow is set in ratio to fuel flow as

A=KF(l +% (3.17)

where K is the fuel-air mass ratio corresponding to zero excess air, and x
is the fraction of excess air used in the combustion. The heat released by
complete combustion of the fuel is

Q = FH. (318)

where H. is the ash-free higher heat of combustion of the fuel. Combining
all of the above allows the formulation of the percent efficiency of a boiler:

E=100(1- :)

_pot _Cil+K(1+x2T, - T) -AHQ

(3.19)

where AH., the difference between higher and lower heating values, takes
into account the latent heat of water formed in combustion.

The efficiency ofa given boiler is not constant, even at constant load and
excess air. Soot accumulates and must be periodically removed. In addition,
moisture entering with the fuel and air affects tem, .rature distribution.
Furthermore, the quantity of excess air being used at any time varies with
the accuracy of the fuel and air flowmeters and heat of combustion of the
fuel. Excess air can be controlled through analysis of the oxygen in the flue
gas. Then x in (3.19) can be calculated from the mole-fraction oxygen in the
flue gas, y~

x=Ky/l - y/021) (320
where K’ is 4.90 for coal, 509 for oil, and 526 for natural gas.

It should be noted that variations in the heat of combustion do not have
a pronounced effect on efficiency. Actually, they are compensated by nearly
equal changes in the air required. Therefore a small reduction in H,,will be
almost completely offset by a comparable reduction in K As a consequence,
these two parameters may be considered constants for any given boiler with
a single source of fuel.

In actual practice, there is relatively little difference in the constants for
Eq. (3.19) whether firing a boiler with coal, oil, or gas, except for 6H ,/H..
Reference (10) gives the theoretical air requirements for coal, oil, and natural
gas as 7.85, 7.58, and 7.37 1b/10,000 Btu, respectively. Using these constants
and calculating the specific heat of the flue gas based on its composition for
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each fuel reduces Eq. (3.19) to

_ K’ AH]

Ef= - 10-3 —_— —

100 [1 10-20.22) + 1= o2l (T.. 7). 57 (321t
where y is the mole fraction of oxygen in the flue gas, and K" is a coefficient
assigned to each fuel: 101 for coal, 1.03 for oil, and 1.07 for natural gas. The
last term AHcfHe is about 0.02 for coal, 0.05 for oil, and 0.09 for gas.

This analysi has not considered the energy used by the boiler auxiliaries
such as fans arid pumps. They account for a small fraction of the energy
input, and cannot vary appreciably with load. Boiler blowdown also rep-
resents a loss, but it is manageable and separately accountable. The principal
loss ‘is through the stack, and load balancing must be programmed to
minimize its contribution.

3. Multiple-Output Control Systems

When several boilers are sending steam to a common header, any one or
combinations of more than one may be used to control header pressure.
The very flexibility afforded by multiple boilers poses a decision-making
problem. The operator and/or a computer must determine which boiler or
boilers to use to control pressure. The next section describes a logical proce-
dure for maximizing plant efficiency using a computer to make the decision.
This section is devoted to developing a control system allowing the operator
to do it.-

Any control system manipulating several outputs to control a single
variable should have certain features: It should

(@) allow the operator to distribute the load,

(b) prevent operator adjustments from upsetting control, and

(© control uniformly, regardless of the number of boilers in service, in
automatic, or constrained.

The system shown in Fig. 319 accomplishes all these objectives.

The master pressure controller, with or without the assistance of feed-
forward, sets the needed total fuel flow. A total fuel flow controller manip-
ulates all valves within the limits and distribution set by the operator. Should
the operator change the distribution by adjusting a bias station (* ), total
fuel flow will change, causing its controller to readjust all individual valves
to restore it to its previous level. Because flow measurements respond so
quickly, the controller can normally correct for such an upset in Jess than
J sec. Without this rapid correction, steam pressure would be upset, requiring
minutes to recover.

It is also possible that the total-fuel controller may drive one ofthe valves
to a limit; the controller will then simply drive the other valves until its set
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Fig. 3.19. In the multiple-output control system, a total-fuel controller manipulates all fuel
valves, although the operator may distribute the load and set individual limits.

point is satisfied. When the number of boilers being driven by the total-fuel
controller changes, its loop gain will change. Consequently, the total-fuel
controller should be tuned with all boilers in automatic, so that loop gain
can only decrease for all other situations and stability will be assured.
Because the loop-gain variation is accepted by the total-fuel controller, the
boiler-pressure loop has a constant gain. This is much preferable to a variable
gain in the pressure loop because pressure is an order of magnitude more
difficult to control than flow.

While Fig. 319 indicates bias(#) adjustments available to the operator,
ratio adjustments may be preferable. Biasing allows the operator to elevate
or lower the fuel flow to one boiler with respect to its fellows, with that
difference being the same, irrespective of load. A ratio adjustments sets the
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percentage of total load accepted by a given boiler. Either station requires
adjustable high and low limits, and automatic-manual transfer.

4. Maximizing Plant Efficiency

Given a number of boilers generating steam, the group efficiency can be
increased if the most efficient boiler is allocated more of the load and the
least efficient is allowed Jess. This strategy can be carried out on-line if a
computer is a'vailable to calculate individual boiler efficiencies per Eg.
(3.19). The computer then determines the most and least efficient boilers.
On the next increase in load, only the most efficient boiler is manipulated to
control total fuel flow; on the next decrease, only the least efficient boiler
is manipulated.

Eventually the most efficient boiler will either enter a region of decreasing
efficiency, where it will no longer be selected, or encounter a high limit. The
computer must acknowledge the imposition of the limit and select the next
most efficient boiler for future load increases. Similarly, the computer must
pass over a boiler that has been placed in manual.

The least efficient boiler will only be increased in load when the others
are either limited or in manual. However, it must accept all decreasing-load
commands until it reaches a low limit. This may well force its efficiency
lower. A boiler whose efficiency in the normal-load range is high may be Jess
efficient than others at low load. This unit may have to be protected by a
low limit or operator intervention, otherwise it might be shut down by the
computer when it could contribute usefully, given a greater share of the
load.

In the case where all boilers have identical characteristics, this system will
typically drive some to their maximum efficiency, shut down others, and
drive one to a load point either above or below maximum efficiency, de-
pending on the load encountered. The selection is based on existing rather
than projected efficiency, so that large load changes may move the plant
away from the optimum, as the selected boiler is driven away from its peak.
Nonetheless this action can be corrected by subsequent calculations and
adjustments. It has the advantage of operating on actual measurements
rather than on curves or models that may not be representative of true
conditions.

Manipulation & achieved by using a separate total-fuel controller for
each boiler as shown in Fig. 3.20. One of these controllers i in automatic at
all times. Since each 8 manipulating its own valve and receiving a response
only from its own flowmeter, its loop gain is unaffected by the condition of
the rest ofthe plant. This system is therefore even more stable and responsive
than that appearing in Fig. 3.19.
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Chapter

4

Compressor Control
Systems

Much of the energy used in petroleum refining and chemical processing
powers compressors which feed reactors, provide refrigeration, or simply
transport gaseous products. Because the energy used in compression is
usually in the form of mechanical work, its conservation & of particular
value. The only compressors not using mechanical energy are the ejectors
which provide vacuum or compress low-pressure steam. But because they
are compressors and use the work content of steam for their motive power,
they are naturally included in this chapter.

The thermodynamic principles of compression are the same regardless of
the type of compressor used-even steam jets must obey the rules. Therefore,
the chapter begins with a development of the thermodynamics of compres-
sion before examining the properties of individual types of compressors.
Then the demands of the process using the compressor are presented, which
leads to the application of flow and pressure controls.

Special consideration & given to turbocompressors because of their
extensive use in high-volume applications. Control systems must be specifi-
cally designed for each unit to minimize energy consumption while pro-
tecting the machine and its driver from abnormal operating conditions.
These systems can become quite complex when multiple compressors or
multiple streams around a single multistage compressor are encountered.
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A. THE THERMODYNAMICS OF COMPRESSION

While isentropic compression was discussed in Chapter I, the thermo-

- dynamic principles involved must be examined in more detail to estimate
the effects of control action on compressor and process alike. Compression
of ideal gases is considered first, to define parameters and evaluate efficiency
factors. Then the relationships are applied to real gases and gaseous mixtures.

1. Adiabatic Compression of an Ideal Gas

If compression were carried out isothermally, the pressure-volume pro-
duct of an ideal gas would be the same at both inlet and outlet conditions:

PiV. = p2Va- FRT/w (4.1)

Here pis the absolute pressure, V the volumetric flow rate, F'the mass flow
rate, R the universal gas constant, T the absolute temperature, and w the
molecular weight of the gas.

However, isothermal conditions cannot be maintained in most compres-
sors due to the lack of sufficient heat-transfer surface; adiabatic conditions
are more likely to be approached. Then the exponent of the pressure-volume
relationship increases from unity (in the isothermal case) to the ratio of the
specific heats of the gas, if the compression is carried out reversibly (isentro-
pically):

BPL = (V/V2)' (“42)
where y & the ratio of specific heat at constant pressure to that at constant

volume, C,/Ce. The absolute temperature of the discharged gas is elevated
above that of the inlet in relation to the compression ratio

T2/T 1 (pz/pi)P @“43)
where J=1- 1
In adiabatic compression, essentially all of the power introduced is
converted into an increase in enthalpy of the fluid, regardless of the irrevers-
ibility of the operation. For the flowing system, let W represent the power
applied and F the mass flow of fluid. Then f

. — T2
- W=F6H=F - cdr (44)

where C & the specific heat of the fluid and T its temperature. The applied
power is also equatable as the product of mass flow and "adiabatic head"
h., a parameter commonly used by compressor manufacturers:

-W = Fh/mi (4.5)
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Table 4.1

Molecular Weights and Specific-Heat Functions for Common Gases

Specific-heat functions

Fig. 4.1.
carbons.

Gas Molecular weight,
w y=C,/C" J=1- 1
Air 29 1.40 0.286
Ammonia 17 131 0.237
n-Butae 58 1.09 0.083
Carbon dioxide 44 1.30 0.231
Carbon monoxide 28 1.40 0.286
Chlorine 71 1.36 0.265
Ethane 30 1.19 0.160
Ethylene 28 1.24 0.194
Hydrogen 2 141 0.291
Methane 16 131 0.237
Nitrogen 28 1.40 0.286
Oxygen 32 1.40 0.286
Propalle 44 113 0.115
Propylene 42 1.15 0.130
Sulfur dioxide 64 1.24 0.194
Water 18 1.33 0.248
14 _.._Hydrogen
B ’_ Methane
v 1 03
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Functions y and § vary nearly linearly with molecular weight for light hydro-
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Here the adiabatic efficiency 17 indicates that not all ofthe power is converted
into head. With flow expressed in pounds per minute and head in feet, power
_is presented in foot-pounds per minute.

Adiabatic head can then be calculated from temperature rise, using the
conversion factor of 7783 ft-Ib/Btu:

h,= 7783 . CdT 46)

1,

The enthalpy of an ideal gas & independent of pressure such that the specific
heat used in (44) and (46) s that at constant pressure, Cp. Over the tempera-
ture rise usually encountered in compression, C, may be considered constant,
in which case (46) & reduced to

h. = 77831f.C(T2- Ti) 47)
Using the relationship
R=C,- C"=1987 Btu/lb-mo! (48)

and substituting pressures for temperatures from (4.3) allows adiabatic head
to be evaluated in terms of compression ratio p; fp; at 100% efficiency. Then
dividing by the molecular weight of the gas converts the pound-mole units
to pounds, yielding adiabatic head in feet:

h, - (1546T; /<m)[(P2/Pi)e - 1l 49)

Table 41 lists the molecular weight and y and + functions for common
gases. Those of the paraffin series and their mixtures follow a reasonably
consistent relationship between these functions and molecular weight.
Curves illustrating the relationship appear in Fig. 4.1.

2 Adiabatic and Polytropic Efficiencies

Adiabatic efficiency can be calculated by comparing the head produced
to the corresponding temperature rise. Equations (47) and (49) are set
equal, yielding

P2piJ 1
V= (To/T) - 1

Equation (4.10) indicates that for any value of 11 less than 100%, Egs. (42)
and (43) no longer hold. In fact, they are valid only for isentropic compres-
sion, and must be corrected for real conditions of"polytropic” compression.
The temperature-pressure relationship can be corrected simply by applying
the polytropic efficiency factor % for the compressor:

T2/T1 = (P2/Pd""p 411)

(410)
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The advantage in using polytropic efficiency is that it is constant for a given
compressor, regardless ofthe properties of the gas or the compression ratio.
The Elliott Company (1), for example, lists the polytropic efficiency for its
multistage compressors as being between 76 and 78%. Adiabatic efficiency’
can then be calculated from nominal polytropic efficiency by substituting
(4.11) into (4.10):

y, = (P2/P1Y" - |

412
(P2IP " "p- 1 (412)

Adiabatic efficiency will always be less than polytropic efficiency for any
compressor. For a machine having 17 of 78%, compressing air(</>= 0.286)
adiabatically to a ratio of 5, 17 is calculated to be 72.7%. High compression
ratios and high specific heat ratios lead to lower adiabatic efficiencies.

Polytropic head, occasionally used by compressor manufacturers, can be
calculated from_adiabatic head and the two efficiency factors:

hp = hu{l]p /) (4.13)
3. Real Gases

A pressure-enthalpy diagram can be used to compare inlet and outlet
conditions for those fluids for which precise thermodynamic properties are
available. First, the starting point is located on the diagram as in Fig. 4.2
from the intersection of inlet pressure and temperature coordinates.

00 ~

7
i Y

HL Hzs] Hz

=== zpsia

Srs

D

Enthalpy

Fig. 4.2. The enthalpy increase following a line of constant entropy from p; to p> is divided
by adiabatic efficiency to yield the actual enthalpy increase sustained by the compressed gas.
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Then the contour of constant entropy S, is followed to the desired outlet
pressure p,eThis locates the enthalpy H ,5 the gas would be discharged at
L;Inder isentropic conditions. Adiabatic head can then be calculated as

h = 7783(Hzs - HY) (4.14)

Given the polytropic efficiency of the compressor, the compression ratio,
and the specific heat ratio for the gas, ri. can be calculated using Eq. (4.12).

The actual enthalpy Hat discharge is then calculated from the isentropic
enthalpy increase divided by the adiabatic efficiency:

H2= Hi+ (H2- H /i (4.15)

Locating Hz, p2 on the diagram then defines the state ofthe discharged gas.

[fa pressure-enthalpy diagram is unavailable, then the arithmetic average
supercompressibility factor of inlet and outlet must be multiplied by Eq.
(49) to determine the' adiabatic head. Since the supercompressibility at
outlet conditions may vary with outlet temperature, a second approximation
may be necessary after determining outlet temperature from Y/ by means of
Eq. (4.7).

For mixtures of gases, ideal solutions can generally be assumed, where
specific heats and their ratios are based on molar average values. Some
compressor manufacturers such as Elliot (1) can generate thermodynamic
properties of gaseous mixtures from computer models.

B. COMPRESSOR CHARACTERISTICS

Adiabatic compression follows the preceding laws regardless of the nature
of the compressor, although efficiencies may vary substantially from one
type to another. However, each type of compressor has its own peculiar
characteristics which determine, among other things, how it is to be con-
trolled. Reciprocating compressors certainly have different control require-
ments than fans or steam-jet ejectors. In essence, the manipulable variables
for each need to be enumerated, along with the constraints that must be
obeyed to insure safe and efficient operation.

[. Reciprocating Compressors

In a reciprocating pump or compressor, a certain volume (displacement)
is swept from the suction to the discharge port with every rotation of the
shaft. However, not all of the internal volume is displaced, i.e., a certain
"clearance" remains undisplaced. Figure 4.3 shows one cylinder of a recip-
rocating compressor connected through valves to a suction line at p, and a
discharge line at p,eThe piston is shown at bottom dead-center position, in
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Fig. 4.3. The volume of gas contained at bottom dead-center is compressed to pressure p2

before any discharge takes place; the piston then proceeds to top dead-center, leaving the
clearance volume V, .

which case the entire volume of the cylinder V; is filled with gas at suction
conditions p,, 7'4-
As the piston is driven forward, a volume V; will be reached where the

gas pressure equals the pressure p, in the discharge line. Only then can gas
start to discharge. Using Eq. (42),

V2 = Va(PilP2)*Y 416)

At top dead-center, volume V,, has been displaced, leaving clearance V,
remaining. The actual volume delivered during the stroke i V, - V,, The
"volumetric efficiency” of the compressor is the ratio of the delivered volume

(at suction conditions) to the displacement:
th= [(V2 - Vd/Vol(P2/pi)™” 417)

By substituting for 7, from (416) and then Ve+ Jp for Vi, volumetric

efficiency appears as a function of the clearance-to-displacement ratio and
the compression ratio:

W= 1- (Ve/Vo)l(p2/pi) 'r - 1] (418)

The ratio V. /Vp can be expressed as the percent clearance. According to
Evans (2), the actual volumetric efficiency will be 2-5% below theoretical
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for oil-lubricated compressors and 4-10% for nonlubricated designs, due to
entrance losses and slippage.

"the volumetric efficiency has no direct bearing on mechanical or work
efficiency-it simply describes the capacity of the compressor that is actually
in use compared t its nominal displacement. Many reciprocating compres-
sors have "clearance pockets" that may be automatically opened to change
their volumetric efficiency and therefore alter the rate of gas discharged.
There is theoretically no loss in work efficiency in opening these pockets,
although entrance and exit losses through valves will, in practice, have an
effect.

Volumetric flow at suction conditions & the product of displacement,
volumetric efficiency, and rotational speed. Then a plot of volumetric
efficiency versus compression ratio is equivalent to a plot of volumetric flow
versus compression ratio for a given speed. Figure 44 is a solution of Eq.
(418) for air, allowing for 3% slippage, illustrating the effects of compression
ratio and clearance on delivered flow. .

In addition to clearance pockets, suction valves may be automatically
"unloaded", i.e, held open through the entire cycle. This effectively removes
a cylinder from service without stopping rotation of the shaft. Some losses
are sustained in that flow passes through the suction valve in both directions.
But where control cycles are short, the energy and wear associated with

Clearance
a4

A io-

t

Comprestin

| L )
o 20 40 60 80 10
Volumetric efficiency "lve percent

Fig. 44. The effect of clearance pockets on volumetric efficiency of a reciprocating com-
pressor increases with compression ratio.
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starting and stopping the compressor are avoided. Unloaders are used in
single-cylinder compressors, providing on-off operation between two pres-
sure limits. When multiple cylinders are working in parallel, unloaders alter
the capacity of the unit stepwise:, much like clearance pockets but without
the additional influence of compression ratio.

Both unloaders and clearance pockets give stepwise control over capacity.
If constant pressure or flow & necessary, other variables must be manipulated.
Speed manipulation is most desirable but i limited to those units driven by
steam or con'ibustion engines or turbines. Variable-speed electric drives are
generally too costly for this type of service.

Throttling valves on the suction or discharge of positive displacement
compressors should be avoided-damage can result from a closed valve.
Instead, a portion of the discharged flow & usually returned to the suction
to control suction pressure, discharge pressure, or flow. The recycle stream
should be taken downstream of an aftercooler, however; if the heat of
compression is not removed before recycling, the temperature of the recycled
gas will continue to rise and could cause damage. A linear valve s recom-
mended.

2. Rotary Compressors

Rotary compressors are positive-displacement devices without valves,
where the gas is moved from inlet to outlet by sliding vanes, gears, or meshing
lobes. Another design uses a liquid seal to minimize wear when handling
dirty gases. Rotary compressors resemble reciprocating units in requiring
either speed manipulation or a recycle valve for pressure or flow control-
they cannot be dead-headed.

Rotary compressors are used primarily for pressures near or below
atmospheric-vacuum service s quite common. Monroe (3) compares lobe
and liquid-ring compressors to blowers and steam-jet ejectors for vacuum
service. His curves of adiabatic efficiency versus suction pressure follow
Eq. (4.12) with constant polytropic efficiency up to a point. For example,
the liquid-ring compressor has a polytropic efficiency in the range 0f35-39%
up to 200 mm Hg, where it begins to fall; its adiabatic efficiency peaks at
28% about 250 mm. The lobe compressor has a polytropic efficiency of 55%
up to 60 mm Hg; its adiabatic efficiency reaches 42% at 120 mm, falling
somewhat at higher pressures.

3. Turbocompressors

Turbocompressors are dynamic devices, creating a head by imparting
momentum from an impeller to the gas. Their two principal styles are
centrifugal and axial. The centrifugal compressor operates much like a
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centrifugal pump, the fluid being given a radial thrust to the wall of the casing
where- it is withdrawn. An axial compressor drives the gas parallel to the
shaft through a series of turbine blades as in ajet engine. The two compressor
styles have substantially different flow characteristics as shown in Figs. 4.5
and 4.6.

The centrifugal compressor is best applied where a constant head is
required, whereas an axial unit is more suitable where a constant flow is
needed under conditions of variable pressure. The flow range of the centri-
fugal compressor exceeds that of the axial, but both are limited by a "surge
region," an area of unstable operation entered as flow & reduced.

In the surge region, the head-flow characteristic of a turbocompressor
actually reverses slope, developing a negative-resistance characteristic. As
flow s reduced, discharge pressure falls, causing flow and pressure to be
further reduced. When discharge pressure falls below that in the line, a
momentary flow reversal occurs, and line pressure starts to fall. This creates
a demand for more flow, causing flow to reverse again. These pulsations will
continue until control action & applied to force the compressor out of the
surge region, or until damage develops.

Adequate flow must be provided to keep a compressor out of surge when
the process demand is low. This flow may be provided by recirculating
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Fig. 4.5. Head-flow characteristics for a centrifugal compressor.
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Fig. 4.6. Head-How characteristics for an axial compressor.

cooled discharge gas back to the suction through a bypass control valve.
For an air compressor having atmospheric suction, the additional flow may
be provided by simply venting enough compressed air directly to the atmo-
sphere. However, bypassing and venting waste energy, so every effort should
be taken to minimize these practices.

A variable-speed driver extends the operating range of a compressor
considerably, and should be used when wide ranges in operating conditions
are anticipated. Generally speaking, flow varies linearly with speed for a
fixed head. However, in the turbulent regime, head varies with flow squared,
hence with speed squared. This relationship limits the speed range of a
compressor to about its upper 20 or 30%.

If the adiabatic efficiency of a compressor were constant, power would
vary simply with the product of flow and head. In light of the flow-speed
and head-speed relationships already described, power would then vary with
speed cubed. However, adiabatic efficiency decreases somewhat at higher
compression ratios per Eq. (4.12), altering the cubic relationship somewhat.
The actual power used as a function of process load depends on the nature
of the process and its control requirements, e.g., constant pressure, constant
flow, or some combination of the two.

If speed i not variable, then throttling of the suction is normally used for
control, preferably with inlet guide vanes. The vanes not only reduce suction
pressure, and therefore flow and/or discharge pressure, but they also apply
prerotation to the gas. A simple suction valve does not provide this, and
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consequently is not as efficient a throttling means. Characteristic curves for
a constant-speed centrifugal compressor with adjustable guide vanes are
given in Fig. 4.7.

Evans (2 p 59) describes a centrifugal compressor with guide-vane
throttling at 70% flow as using about 72% power, whereas suction-valve
throttling requires about 75% power. By contrast, speed manipulation
requires only about 68% power for the same load. Comparing Figs. 45 and
47 indicates that guide-vane manipulation seems to extend the flow range
beyond what is available with speed variation. However, actual operating
ranges are sensitive to process parameters as well Generally speaking,
variable-speed is preferred to save energy at reduced loads, with guide-vane
throttling being a second choice.

Axial compressors are available with adjustable stator vanes between
stages of rotor blades (4). They effectively double the tumdown achievable
with speed control alone. The surge limit moves toward lower flow and head
as stator vanes are closed, much i the same way as with guide vanes for a
centrifugal compressor.

Throttling the suction of a compressor reduces flow by reducing suction
pressure. Note that the abscissa for compressor charac.teristic curves is given
n units of volumetric flow at inlet conditions. Closing the suction valve
will not change inlet volumetric flow, but will reduce the mass flow being
compressed.
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Fig. 4.7. Manipulation of inlet guide vanes of a centrifugal compressor allows turndown
approaching speed manipulation.
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Consider the compressor of Fig. 47 operating at the surge limit with a
vane position of 30" : the pressure rise would be 82.6% and the volumetric
flow 37.7%. The compression ratio would then be

P2/P1 = 1+ 0.826p,

where p, would be the rated pressure rise for the machine. If suction valve
throttling were used instead, the compressor characteristic would be rep-
resented by.the single curve at 9° vane angle. Minimum flow for this curve
occurs at 104'%'rated pressure rise, such that

Pi/Ps ~ 1+ 1.04p,

where Ps & the compressor suction pressure downstream of the throttle
valve. Suction pressure corresponding to the desired pressure rise of 82.6%
can be found by equating the two above expressions:

PsfPL = (1 +0.826p)/(l + 1.04p,)

Then the minimum flow for suction throttling referred to nominal inlet
pressure p; is

v = 50(psfPil = 5001 + 0826p)/(1 + 1.04p)

For the compressor of Fig. 4.7, the rated suction and discharge pressures
are 121 and 186 psia, respectively, giving

p. = 186/121 - 1= 0537

Then
= 1 +0.826(0.537) =

mi 1+ 1.04(0.537)

This example demonstrates that suction-valve throttling does not afford the
extended range the guide-vane provides.

Throttling of the discharge valve allows no turndown at all from the
maximum capacity curve. Therefore, the minimum flow attainable for the
example cited would be 50%, compared to 463% for suction throttling and
37.7% for guide-vane throttling. Furthermore, the power required for dis-
charge throttling is greater than that required for the other means. As a
result, discharge throttling is rarely used to control compressors.

4630/
/o

4. Ejectors

Ejectors are compressors which utilize a high-pressure fluid as the motive
force. For example, high-pressure steam i commonly used to pump air from
a vacuum chamber to atmospheric pressure. The compression ratio for a
single stage is limited to about 10: 1 for reasonable efficiency. Ejectors may
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be arranged in series, with condensers between if the fluid is condensible. If
the motive fluid is steam, the size and steam requirements of downstream
stages are reduced by adding interstage condensers.

Steam-jet ejectors are very popular for providing evacuation of process
vessels, down to as low an absolute pressure as 10 ¢ They are attractive both
because of a low installed cost and little required maintenance. However,
their efficiency is particularly low. Monroe (3) reports thermal efficiencies as
low as 1-3%, based on the heat content of the motive steam above that of
boiler feed water. This measure of efficiency would seem justifiable if the heat
content of the exhaust steam were not recoverable. However, there are other
meaningful ways to report efficiency.

The adiabatic efficiency of a compressor was defined by Eq. (4.5). Charac-
teristic curves for steam jets are available in Refs. (2 p. 87) and (5), giving
the "entrainment ratio" of steam-jet ejectors in terms of the mass of air or
gas compressed per unit mass of steam or motive gas, as a function ofsuction,
motive, and discharge prL:-»ures. The adiabatic efficiency for each case can
be calculated from the adiabatic head ofthe gas compressed and the available
work in the motive fluid. Assuming that the available work is entirely lost
because the discharged mixture must be vented, or condensed and vented,
adiabatic efficiency calculated in this way is comparable to that estimated
for positive displacement pumps earlier.

Evans (2, p 87) gives the steam-air mass ratio as a function of absolute
suction pressure for one to six stream jets arranged in series with inter-
condensers. The curves generally overlap, forming an envelope whose edge
is roughly approximated by a straight line on log-log coordinates. This line,
representing the maximum efficiency for the optimum combinations, is
represented by the equation

logp , = 288 - 221 log(Fs/F) (419)

where p, is expressed in Torr, and FyFis the steam-air mass ratio; 288 i
log 760 Torr; steam is supplied at 100 psig. Table 4.2 lists the adiabatic

Table 4.2

Maximum Ellkiencies «C Multi-Stage Ejectors Using 100 psig Steam

Suction pressure Steam-air ratio Adiabatic elliciency Polytropic elficiency
p; (Torr) Fs/F 11.(%) ¥, (9
250 1.65 78 181
IoU 2.50 108 39.1
10 7.10 118 40.2
1 20.1 9.7 46.4
0.1 57 72 50.0
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efficiencies calculated using Eqs. (4.5) and (4.19), with 363 Btu/Ib taken as
the available work of saturated steam at 100 psig.

A single configuration loses adiabatic efficiency rapidly as the limits of J:s
range are approached. The efficiency of a single-stage steam-jet ejector is
given in Table 4.3 from points taken from one of the curves in Ref. (2, p. 87).

Table 4.3

Effidencies of a Single-Stage Ejector Using 100 psig Steam

Suction pressure Steam-air ratio Adiabatic efficiency Polytropic efficiency
p, (Torr)e Fs/F 4. (ol o1,("1
500 0.65 6.7 113
250 1.65 78 HU
100 6.0 45 199
50 . 60 0.67 177

Polytropic efficiencies for the multistage and single-stage ejectors were
calculated from 1, by solving Eq. (4.12) for 1L:

ﬁlog(PﬁZIP,)
Ip= log[l + ((p2ipi /17

On the basis of the polytropic efficiencies shown in Tables 4.2 and 4.3, multi-
stage ejectors can be as efficient as vacuum pumps at low absolute pressures,
but the single-stage ejector is less than half as efficient.

Increasing motive steam pressure improves the adiabatic efficiency of an
ejector. When the steam pressure for the combination giving 100 Torr suction
pressure in Table 4.2 is increased to 150 psig, 1l increases to 11.5%, while
falling to 8.5% when steam pressure is reduced to 70 psig.

Steam jets are often used to compress boiloff from evaporators enough to
allow further extraction ofheat. In this service, adiabatic head and efficiency
have little significance-heat transfer is the objective. Reference (6) describes
a steam-jet compressor supplied with 474 Ib/h of 150 psig saturated steam,
compressing 526 Ib/h of water vapor removed from an evaporator at 7.7 psia,
to produce 1000 lb/h at 0 psig and 242°F for heat to the evaporator. No
energy is lost in the mixing process, yet available work is lost. Dividing the
available work of the discharge by the sum of that in the motive and suction
streams yields a work efficiency of 84.5%. Adiabatic efficiency under the
same conditions is estimated to be only 7.6%.

The efficiency parameter that is of most significance to the evaporation
process is the improvement in steam economy brought about by the com-

(4-20)

B. Compressor Characteristics 123

pressor. As a result of the difference in latent heat between condensing steam
and evaporating water, along with heat losses, 1000 Ib of steam removes
only 850 Ib of vapor. With the jet compressor, 474 Ib of steam at 150 psig
removes the same amount of vapor, increasing the vapor-steam ratio of the
unit from 0.85 to 1.79. In essence, double-effect evaporation is obtained with
a single vapor body. Increasing the steam pressure to 250 psig increases the
vapor-steam ratio to 1.88, although the work efficiency is lower at 81.9%.

Ejectors are designed to be operated at a single steam flow, resulting from
a stipulated pressure applied to a fixed nozzle. Control over pressure in the
vessel being exhausted is effected by either throttling the suction line, bleeding
air into the suction line, or manipulating the heat-transfer rate ofan upstream
condenser where condensible vapors are present. The problem of finding the
optimum combination of condensing rate is discussed in relation to steam-
jet refrigeration and evaporators in subsequent chapters.

Neither suction throttling nor air bleed affect steam flow-consequently
the jet consumes the maximum flow of steam regardless of plant load.
However, the velocity of the mixture flowing through the ejector varies with
suction pressure. In certain regions of flow and pressure, a given ejector
may exhibit instability (7). Figure 4.8 describes a characteristic curve that
has been observed in some ejectors.

As long as the suction pressure of the ejector in Fig. 4.8 is below 10 Torr
or above 30 Torr, pressure responds monotonically to the suction valve
admitting air. But should the pressure rise above 10 Torr, the pumping rate
falls until nearly 100 Torr is reached, causing the pressure to rise sponta-
neously to that point. A similar behavior is observed when attempting to
reduce pressure below 30 Torr. An attempt to control in this region will

1000 ~
[ Unstable

D ) . )
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Suction pressure, Torr

Fig. 48. This steam-jet ejector has a range of negative resistance, in which pressure cannot
be stably controlled.
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result in constant-amplitude oscillations, called "limit cycling." The ,only
solution is to reconfigure the jets to provide stable characteristics thro gh-
out the operating range.

Reference (2, p. 87) gives a steam-usage multiplier, provided to correct
the ejector performance curves for steam motive pressures other than 100
psig. Table 44 summarizes the effect of variable steam pressure on usage
and adiabatic efficiency.

X Table4.4

The Effect of Steam Pressure on Usage, Capacity, and Efficiency at 250 Torr

Steam pressure Steam-air Steam llow Airllow Adiabatic dficiency
(psig) ratio multiplier multiplier (3)
70 2.19 0.74 0.56 62
100 - L65 LOO LOO 78
e} 145 143 163 g4

Because the nozzle operates at sonic velocity (the absolute upstream
pressure being more than double the absolute downstream pressure), steam
flow is directly proportional to absolute upstream pressure. The efficiency
also varies with motive pressure, with the resultant airflow being a combi-
nation of the two effects. The only way steam flow to a single ejector can be
reduced is to reduce the motive pressure. Alternately, multiple ejectors can
be arranged in parallel, with some being valved off under conditions of
reduced load.

Reference (8) describes a jet compressor used lo raise the pressure of a
stripped gas to that of the fuel-gas header, with the motive force being a
high-pressure purge stream being let down to the same header. Pressure
controllers on both gas streams throttle valves at their respective inlets to the
compressor.

C. PRESSURE AND FLOW CONTROLS

Compressors may be used in a variety of services. They are used to supply
feedstocks to reactors and to exhaust gaseous products from reactors. They
also transport gases, both at the source and as boosters along the pipeline.
Another common- service is as heat pumps for evaporators, distillation
columns, and refrigeration units. Each of these processes has its own partic-
ular properties and needs. Some require flow control, others pressure control,
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and the relationship between flow and pressure tends to vary from one
application to another. This section considers process characteristics and
demands, and how they interact with the characteristics of the compressor.

1. Line and Load Characteristics

The simplest case to consider is that of an air compressor drawing atmo-
spheric suction and discharging into a process having both a static head and
a dynamic head caused by resistance to flow. Figure 49 describes such an
arrangement. The static head could be developed by a head of liquid or by
a pressure-control loop as shown-the effect is the same. In some cases the
static head is constant or atmospheric-in others it can vary, based on
process requirements.
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Fig. 49. The air compressor delivers into static pressure p, plus a dynamic head @2 - B
developed by resistance to flow through the process.

Turbulent flow is encountered almost universally, such that the dynamic
head varies with mass flow F| as

Fir- ko Pi P2- p3)w/T2 (421)
where k; is a constant representing resistance to flow, pressures are in
absolute units, w is the molecular weight of the gas, and T, is its absolute
temperature at ppe Mass flow F, is proportional to volumetric flow at
suction conditions:

VI =F_ RT;fwp: (422)
Combining the two expressions allows volumetric suction flow representing
the process load to be plotted against compression ratio p,/p; on the same
graph as the compressor characteristics:

VL = kdRTifpd P2(P2- ps)/wT, (423)

Resistance factor KL must be expected to vary, particularly where there are
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many users of the compressed gas. Some typical load lines developed using
(4.23) are plotted on compressor coordinates in Fig. 4.10.

For a constant load, the steady-state relationship between pressure and
flow resulting from manipulation of compressor speed or vane position is
determined by the slope of the load line. Conversely, when the load changes
at constant speed, pressure and flow will vary along a contour of constant
speed. This relationship bears directly on the stability of surge-control
systems, which use the vent valve of Fig. 49 (or an equivalent recirculation
valve) to prev]nt surge by changing the load.

Refrigeration compressors are used to pump heat from a cold process to
an atmospheric reservoir or to a hot stream. When the heat load is zero, a
temperature difference still normally exists between the hot and cold sides
of the system, equivalent to a static head. The compressor suction pressure
will tend to approach the vapor pressure of the refrigerant at the controlled
temperature of the process, while its discharge pressure will approach the
vapor pressure at the temperature of the stream being heated. As the heat
load increases, both the cold-side and hot-side exchangers will develop
proportional temperature gradients, causing the compressor suction pressure
to fall and its discharge pressure to rise. Consequently, heat pumps also
encounter a process load line. For a given unit, the static head will vary with
the temperatures of source and sink; the slope of the load line may also be
altered by temperature controllers which throttle, flood, or bypass the heat
exchangers.
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Fig. 4.10. The process resistance and static head may both be subject to change.
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2. Balancing Supply and Demand

There are essentially two operating modes for compressors--constant
flow and constant pressure. The constant-flow mode is typified by an axial
compressor supplying air to a blast furnace. The mass flow of air to the
furnace sets its production rate and therefore must be controlled. However,
the resistance the furnace presents to airflow tends to change with time,
developing fluctuations in head at a given flow. The superior flow-regulating
characteristic of an axial compressor resists changes in head, yet speed
and/or stator-vane manipulation are still required, particularly where pro-
duction rate is variable.

A compressor sending air or gas to a number of parallel users is likely to
be a centrifugal type. It is important to hold a constant pressure on the
discharge header so that each individual user may be insured an adequate
supply. The static head is likely to remain constant, but the slope of the load
line will vary with demand. Compressor speed, vane, or suction-valve
position must be manipulated to hold a constant discharge pressure.

Most of these systems provide a constant discharge pressure regardless of
whether it is actually needed. A user reduces its flow simply by throttling
from the constant supply pressure. If the number of users is low, the com-
pressor discharge pressure can be minimized by a valve-position controller
acting on the most-open valve, as shown in Fig. 4.11. Each valve is under
control individually by its user; the valve-position controller provides that
the header pressure is only high enough to satisfy the most demanding user.

pC) Set  /UPC s

Feedbock TT

- — s —
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Fig. 411. The discharge pressure is slowly adjusted to keep the most-open valve in a nearly
wide-open position.
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The valve-position controller must be slower acting than all the user
controllers-otherwise it will upset users by changing pressure too rapidly.
If the users are under flow control, the flowmeters may require compensatiop
for variable header pressure.

If there are many users, or if they are remote, the optimum discharge
pressure may be correlated with flow. If the system in Fig. 411 were to supply
but one user, the action of the VPC would convert the load from one of
variable resistance to constant resistance. With a constant supply pressure,
control over flow to the user can only be achieved by varying the resistance
of the control valve. But by returning the control valve to the same position
following changes in flow, the VPC would regulate the load resistance. With
a constant resistance, pressure follows flow along a single load line.

Set
resistance

/PO _Set P3 Set
K > torminel

| To users

Fig. 412. This system saves energy by reducing discharge pressure with reduced flow, while
maintaining a constant terminal pressure.

Then a constant-resistance control system can be built as in Fig. 4.12,
wherein the pressure set point is driven proportional to measured flow. The
required relationship between flow and pressure appears as in Eq. (4.21).
However, if an orifice meter is to be used, its differential pressure must be
related to flow:

FL= kmJh2P2W/T2 424)

where km is the meter factor and hp is the differential pressure developed
across it. When (4.24) is set equal to (4.21), flowmeter differential can be
related to pipeline or process differential pressure:

Pi - B3 = hy(km/kd (4.25)

In actual practice, this system has been used at water pumping stations,
to maintain a desired static head p; at the user location, by adjusting dis-
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charge pressure p, for line losses at varying loads. It is equally applicable to
compressors serving multiple users at a distant location.

3. Protecting Process and Driver

Satistying the demands for flow and pressure is but one facet of controlling
a compressor. During normal operation, nothing further is required. But
abnormal conditions are to be expected, and process, compressor, and
driver must be protected against damage should they develop. Compressor
protection is a complex issue and is treated in detail in the next section. At
this point, consideration is given to simpler systems for protecting the
process from overpressure and the driver from overload.

Only one of the three interdependent variables-flow, suction pressure,
and discharge pressure-may be regulated by manipulating the compressor.
Should another require control, another manipulated variable must be
found, such as another stream entering or leaving the system. However, in
most cases, control over other variables need only be exercised in the limit,
e.g., to avoid an overpressure.

Consider a centrifugal compressor whose discharge pressure is ordinarily
controlled by throttling the suction valve. At low loads, the valve might be
throttled to the point where suction pressure falls below atmospheric,
thereby drawing gland-sealing oil into the compressor. If this is a constraint,
then a suction-pressure controller should override the discharge-pressure
controller whenever suction pressure falls to that point. When an override
takes place, discharge-pressure control is lost, and pressure will rise above
its set point-but this is preferable to drawing oil into the compressor.

At the other extreme, it may be possible to open the suction valve wide
enough to overload the driving motor. Should an overload occur, the circuit
breaker would then trip, and the compressor would be lost altogether,
requiring an operator to bring it back on line. To avoid this possibility, a
motor-load controller can override the suction valve at a point just below
the setting of the circuit breakers. Again, pressure deviation will develop,
but a deviation is preferable to losing the service of the compressor altogether.

The two override controllers appear i conjunction with the discharge
pressure controller in Fig. 4.13. The high selector prevents the suction valve
from closing entirely, while the low selector stops it from opening to the
point of overload. Feedback of the valve position to all three controllers will
insure that an override will be effected with little, if any, overshoot.

Overload is frequently encountered when the compressor & started.
However, startup conditions vary significantly between single- and multiple-
compressor installations, and are complicated by antisurge controls. For
these reasons, a discussion of startup considerations is included under the
heading of multiple-compressor installations.
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Fig. 4.13." The kilowatt controller can close the valve prevent motor overload, and the
suction-pressure controller can open the valve to avoid loss of seal oil.

D. SURGE PROTECTION

The most demanding aspect of controlling compressors is surge protection.
The problem lies in being unable to determine with absolute certainty the
degree of approach to surge. Once a compressor begins to surge, it will
continue until corrective action is applied, so automatic protection is
mandatory. A small centrifugal may surge many times without damage, but
a 100,000-hp axial could require reblading after a single incident.

When a compressor begins to surge, the suction flow falls to zero within
a few milliseconds, reverses momentarily, and begins to recover in less than
a half second. If the situation is not corrected, the cycle repeats immediately,
resulting in a series of thunderclaps less than a second apart. The sudden
fall in suction flow can be detected and used to open a recirculation valve,
but not before at least one surge cycle is sustained. To prevent surge from
developing at all requires a control system which skirts the unstable area
altogether.

1. Outlining the Surge Region

The compressor characteristic curves represent a roadmap, with the area
to be avoided clearly delineated. Using a set of process measurements, the
actual operating condition at any point in time should be determinable,
along with the degree of approach to surge. But two difficulties appear:

() The true characteristics of the compressor may deviate from its
reported characteristics due to wear, variable gas composition, etc.
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(2 The related variables of adiabatic or polytropic head and volumetric
suction flow are not directly measurable.

Strictly speaking, curves relating pressure rise against suction flow are
valid only for a single set of suction conditions, ie., pressure, temperature,
and composition. Particularly when composition is variable, compressor
manufacturers will use adiabatic or polytropic head in place of pressure rise.
This, then, describes the properties of the machine apart from its service.
Presuming these properties are constant, it remains to the control engineer
to outline the surge region in terms of measurements which he has available.

White (9) observes that the surge line appears as a parabola when adiabatic
head is plotted against volumetric suction flow:

h = kVf (426)

There are exceptions to this rule, particularly with regard to axial com-
pressors, where the surge line often turns parallel to the baseline at high flow
rates (see Fig. 4.6).

However, volumetric flow cannot easily be measured directly, but is
usually detected as orifice differential h,.

Vi= kn hiTi/pW (427)

where k;, is a meter factor. When Eq. (427) is substituted into (4.26) and set
equal to (49), a relationship between orifice differential and suction and
discharge pressures forms:

w
k! h, T = 1545T1 [(Pﬂ
PiW

Observe that temperature and molecular welght terms cancel, leaving /, in
terms of p, p;, and ¢:

= kpifp[(p2/P1Y - 1] (428)

The supercompressibility factor for real gases has been omitted from both
Egs. (49) and (4.26), but it would cancel in the same way as T, and w

The relationship between h; and p; - p; would be linear if¢ were unity,
but unfortunately it is far from unity. Consequently, there is a substantial
departure from linearity for all but the lowest compression ratios. To
illustrate, Fig. 4.14 plots the bracketed term 0f(4.28) against percent pressure
rise for three ranges of compression ratios for air. Departure from linearity
increases from about 9% with a maximum compression of 3 to about 25%
when the maximum compression ratio is 50,
For compression ratios below 2, the relationship is nearly linear, and its
slope can be estimated by differentiating the function:

d(p2/P11"/d(p1/Pd = $(p2/P1) - " (4.29)
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Fig. 414. The function of pressure rise shows increasing nonlinearity at higher compression
ratios. '

Evaluated at a compression ratio of unity, Eq. (4.29) becomes <J3in which
case

(pz/pd)" - 1 o/>[(palpi) - 1] (4.30)

When (4.30) is substituted into (4.28), the approximate relationship becomes
simply

hi = k,(pz - p,) (4.31)

While accurate only for very low compression ratios, (4.31) has the advantage
of being independent of composition and temperature.

2. Antisurge Control Systems

The most common antisurge control systems are based on the approx-
imation of Eq. (4.31). Orifice differential h: is controlled in ratio k. to mea-
sured compressor differential tIp, with k_adjusted to be a safe margin above
the calculated surge ratio ke. The system is shown in Fig. 4.15. Opening the
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Fig. 4.15. Suction orifice differential & held in ratio to compressor differential by manip-
ulating the recirculation valve; a pressure or flow controller manipulating speed or a suction
valve has been omitted for simplicity.

recirculation valve (or vent valve as in Fig. 49) increases h; and reduces !lp
at the same time, thereby forcing the compressor away from surge.

In actual practice, the recirculation or vent valve changes the load on the
compressor. When it is opened, pressure and flow follow a line of constant
speed, which is generally perpendicular to the surge line, and therefore the
compressor is moved directly away from the surge region. To protect the
compressor from surge in event of a control failure, this valve should open
on loss of signal, power, or air supply.

The valve must also be capable of opening quickly, 1- or 2-sec stroking
time being common. In addition, it should have a linear rather than equal-
percentage characteristic. In most cases, !.p does not change greatly, so an
equal-percentage characteristic is not needed. In fact, it is undesirable,
because an equal-percentage valve passes much less flow than a comparably
sized linear valve at all positions except wide open.

Recirculation or venting must be recognized as an abnormal condition in
that it wastes energy. Consequently, the antisurge valve is nearly always
closed, and the compressor is nearly always operated away from the surge
region. In this condition, suction flow will be well above that required for
surge control. The controller, in attempting to reduce the flow, drives its
output up to the full limit of its supply voltage or pressure. Prolonged
operation in this state results in windup of the integral mode, which retards
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control action when it is next needed. Should the load suddenly decrease, a
conventional controller cannot open the antisurge valve until its deviation
crosses zero, in which case the compressor may temporarily go into surge.

Integral windup can be inhibited by a circuit which attempts to hold the
controller output at the valve limit by manipulating internal feedback (10).
The controller output then lingers at the closed valve position rather than
driving to full supply voltage or pressure. And as soon as its deviation from
set point starts o move toward zero, the valve starts to open. Consequently
the valve opens before zero deviation is reached, preventing surge from
developing even temporarily. Should the load not change sufficiently to
force the deviation to zero, the valve will slowly return to a closed position.
In effect, the proportional action of the controller is always available for
surge protection, while integral action is enabled only when the valve & not
closed.

3. Improving System Accuracy

The linear approximation to the surge curve as represented by Eq. (431)
is limited'in accuracy in several respects. First, the actual relationship between
head and flow may not be parabolic as was assumed. This is particularly
true for axial compressors and for those equipped with movable vanes.
Reference (4) describes a surge envelope of the type shown in Fig. 416 when
plotted on coordinates of Ap and h;- In addition to the linear approximation
already developed, this compressor requires a limit on Ap; however, both
the slope-of the control line and its limit must change with vane position.

A control system which provides the necessary functions is shown in Fig.
4.17. The system solves the equation

Ap = (o +KiOh, < (po - k) (432)
0. - e
) Stator-vane
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Fig. 416. Each stator-vane position requires a different pair of control lines.
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Fig. 4.17. This system provides a two-section control line which moves a a function of
vane position.

where kg is the slope of the control line at zero vane position (0) and po is the
limit of p2 - p1 under those same conditions; k, and k, represent the varia-
tions in slope and limit as a function of 8

The linear model also fails to match the actual surge curve even at moderate
compression ratios, as Fig. 4.14 demonstrates. Consequently, points taken
from compressor characteristic curves plotted on coordinates of Ap and h;
should not be expected to fall in a straight line, even if the relationship
between head and flow is exactly parabolic. When Eq. (428) is solved for
conditions of constant suction pressure with the results plotted as Ap versus
hy. a single curve appears. However, each suction pressure gives a new curve,
so that p; must be included in the controls if the model is to be exact.

Another approach & to model the appropriate curve of Fig. 414 with a
straight line of the form

GPNP2/P1>4- 1] .c up2/p1)+ b 433)
Coefficients a and b would be adjusted for the best "safe" fit, i.e, so that the

line would lie tangent to, but above, the curve, and balanced across the
expected operating range. When (4.33) & substituted into (4.28), we have

hi = k(@p2+ tpi) (434)
Again, coefficients a and b would be selected by the designer, but ks would

be a ratio setting adjustable by the operator to correct any observed mis-
match between model and compressor.

Variations in composition that change < will have some effect on the
approximation of (4.33). At moderate compression ratios, however, the
effect is not severe. For example, at a compression ratio of 5 a change in
heat-capacity ratio from 140 to 130 (reducing</> from 0.286 to 0231) changes
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the functional group represented by (4.33) from 2.04 to 1.95---only a 5%
reduction. The magnitude ofthe error increases to about 7% at a compression
ratio of 10.

By contrast, the simpler system based on the linear relationship between
h, and !1p is sensitive to variations in molecular weight and temperature as
well as¢ and p,- White (9) describes the need to compensate for temperature
and composition variations where they become significant, when h; and !1p
are used.

4. Using Available Measurements

All of the antisurge control systems just described require a flowmeter
installed in the suction of the compressor. But in many situations, piping
constraints rule against this location. Frequently, a discharge flow measure-
ment will be used as a substitute, but it must be corrected to suction condi-
tions. Because the same mass flows through both meters, their differential
pressures would be related as

hl =hi(p: TifpP1T:) (435)

It is actually not necessary to correct for the temperature ratio, because it is
related to the compression ratio per Eq. (4.11). Then {4.35) reduces to

ht = hi1(P1/Pilu-tJ,p' (4.36)

Table 4.5 summarizes this relationship for air compressed with a polytropic
efficiency -or 78%.

Table 4.5

The Discharge Flowmeter Correction Factor for Air at a Polytropic Efficiency of 78%

Compression ratio Correction factor Compression ratio Correction factor
p2/P1 - (P2IPI)IL - — . p21P1 P21 i)
12 1.12 10 4.30
15 1.29 20 6.67
2 1.55 50 11.91
5 2.77

As the table indicates, the correction factor is always much lower than the
compression ratio, mitigating to some extent the need for compensation. A
modified square-root extractor could be used to raise the compression ratio
approximately to the power needed for compensation.

Occasionally, neither suction nor discharge flowmeter are available. Then
a speed measurement may be used to develop a surge line as a function of
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p, and p, or 1,. When a constant-speed motor drives the compressor, its
power consumption or vane position can be used to relate to !1p at the surge
limit. Evans (2, p. 56) shows contours of constant horsepower intersecting
the surge limit on a plot of pressure rise versus suction flow for both constant-
speed and variable-speed compressors.

5. Interaction with Pressure and Flow Control

During normal operation, pressure is controlled by manipulating speed,
vane, or suction-valve position. When the surge line is approached, however,
the surge controller is activated, opening the vent or recirculating valve.
Motion of this valve acts fundamentally as a load change on the compressor,
upsetting the controlled pressure. However, the head-flow curves for a
centrifugal compressor tend to be flat as the surge line is approached. Then
changes in load caused by the antisurge controller will move the compressor
away from the surge line without greatly affecting pressure.

Conversely, with a constant output from the antisurge controller, changes
in compressor speed, vane, or suction-valve position tend to move along a
line of constant load. Figure 4.18 describes the paths followed for a variable-
speed air compressor with atmospheric suction and resistive loading (ie.,
p; = p;) The antisurge controller opens the vent valve, increasing flow and
dropping pressure slightly. The pressure controller would react with a slight
increase in speed, which also moves the compressor away from the surge
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Fig. 4.18. Opening the vent valve decreases pressure along a speed contour, while increasing
speed increases pressure along a load line. '
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line. These two loops tend to operate stably with little interaction, but only
in that given configuration.

If the pressure controller were connected to the vent valve and the anti-
surge controller to the governor, stability would be sacrificed. In this con-
figuration, opening the vent valve will lower pressure but only temporarily.
The antisurge controller would then attempt to return the compressor to the
surge control line by increasing speed, which would raise pressure more than
the vent valve lowered it. Consequently the pressure response to a step in
vent valve position would be a small drop followed by a large rise. This
characteristic is known as inverse response and is singularly responsible for
many failures in multivariable control system (11). Furthermore, when the
vent valve is closed, as in normal operation, pressure control must be
transferred to speed manipulation, unnecessarily complicating the control
system.

The same argument can be made for controlling flow into the process
load because, at constant load, flow is proportional to discharge pressure.

A greater degree of interaction between pressure and antisurge control
might be expected with higher static loads (reducing the slope of the load
line) or steeper speed curves. Then the vent valve may have more effect on
pressure, and speed may influence the surge calculation to a greater degree.
Decoupling can be provided to minimize this natural interaction as shown
in Fig. 4.19. As the antisurge controller opens the vent valve, compressor
speed is increased proportionately. If the proper weighting is placed on the
two vectors in Fig. 4.18, their resultant would be horizontal, i.e., pressure
would remain constant. The negative sign on the vent valve input to the
summer is required because the valve opens on a decreasing signal.

Pressure Antlsurge
controller controller
+
Decoupler | } -
To To
Governor Vent valve

Fig. 419. Opening ofthe vent valve is automatically converted into a proportional increase
in speed to avoid upsetting pressure.
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. E. MULTIPLE-COMPRESSOR INSTALLATIONS

Compressors are not often used singly. Most installations require two or
three in parallel to extend the operating range, to allow for maintenance,
startup, and abnormal conditions. Some compressors are connected in
series with intercooling to achieve high compression ratios efficiently. They
may be mounted on a single shaft, or be driven independently, as determined
by the needs of the process using the gas.

1. Series Arrangements

Compressors connected in series on the same shaft are controlled essen-
tially in the same manner as a single multistage machine. Multistage com-
pressors are characterized by a composite surge curve, although series
compressors on the same shaft may not be, particularly if some stages may
be bypassed, or if flows may be extracted or injected between compressors.
In most cases, a single antisurge control system is sufficient, using a flowmeter
on the suction of the first stage.

If other stages carry different flows from the first due to extraction or
injection, additional calculations and measurements are required. Last-stage
suction flow may be inferred from discharge by Eq. (4.36). Interior suction
flow rates must be determined by mass balances of streams entering and
leaving. The resulting mass flow rates representing interstage suction flows
must be converted into volumetric flow or equivalent orifice differentials
for use in surge control.

Series compressors driven by different shafts require completely separate
antisurge systems. However, it is possible to use a single recirculation valve
that bypasses both compressors. In fact, if individual valves are provided,
opening of one valve for surge protection will almost certainly cause the other
to open. Two antisurge controllers can operate a single valve through a low
selector-whichever sends a decreasing signal to open the valve will be the

one taking over control. Both controllers require the antiwinrl'p feature
described earlier.

2. Parallel Arrangements

Parallel compressors require some special considerations. Each must have
its own antisurge control system, because there is no guarantee that the
load will be shared equally between them. Their characteristics may not
necessarily be identical due to age and wear, and in many cases parallel
compressors will be different models. Then a change in load may affect one
more than another, such that surge protection must be available to all. Load
balancing is discussed in more detail in the next section.
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While it is possible to protect all compressors in a parallel installation
with a single recirculation or vent valve, it is not recommended. Individual
compressors are isolated from one another with check valves as shown in
Fig. 4.20. This prevents backflow into a shutdown compressor. It is then not
possible to start up a compressor connected in parallel with others already
in operation unless it has its own recirculation or vent valve. The operating
compressors have already established a head, which the idle compressor
must overcome it can deliver any flow. If started into an established
differential, it will immediately surge.
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Fig. 420. Parallel compressors are isolated from each other with check valves.

If each compressor & provided with its own dedicated antisurge system,
it cannot surge upon startup. As speed increases, its head will rise until it
overcomes the established differential and begins delivering its share of flow.
The antisurge controller will then begin to close the recirculation valve.

At the opposite extreme, a compressor motor may become overloaded if
started with the recirculation valve fully open. In this case, it may be necessary
to position the recirculation valve manually to a point where both overload
and surge are avoided. Then once operating speed is reached, the antisurge
controller can be transferred to automatic, where it will begin closing the
valve and enabling the compressor to take up the load.

When one of a parallel group of compressors enters the surge-control
mode, its recirculation valve will begin to open. Because any recirculation
valve in fact bypasses all operating compressors, the recirculated flow is
distributed among all. Then much more flow is recirculated than needs to be,
to keep the troubled compressor out of surge. This is grossly inefficient, and
is a signal that the operating load is too low to justify the number of com-
pressors on line. At this point, one ofthe compressors should be automatically
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shut down. It is not necessary to shut down the one operating under antisurge
control-the release of any compressor will increase the load to those
remaining, taking them away from the surge line. To eliminate the effects of
transient disturbances, shutdown should only be initiated after a reasonable
time delay.

Automatic startup and shutdown of parallel compressors can be accom-
plished by the system shown in Fig. 4.21. Should any compressor reach its
maximum allowable guide-vane position or motor load, an alarm unit starts
another compressor. The appropriate compressor is selected through a
rotating sequencer-a system of logic which chooses the compressor which
has been idle longest for startup, and the one which has been operating

longest for shutdown. Any compressor may be withdrawn from the sequence
manually.

Shétdown St_ortup
signal | porating| _ Slamal
1 Isequencer ]
1
I TTT
! flél. |1 r- (@ |
To ‘ $ —ll
guide-vane : D
I controls 1 ;
i d
S
ALM) [Aum

SE\7EE0)

i

Recirculol ion Guide-vane Motor-load
valve posilions positions signals

Fig. 4.21. A compressor is automatically shut down when a recirculation valve opens, and
one k slarted when any guide-vane or motor load reaches its maximum allowable value.

3. Balancing for Maximum Efficiency

Slight variations in speed or characteristic curves can easily cause a
maldistribution in load when parallel compressor operate into the same
head. Suction flowmeters can be used to provide a balance. Since the com-
pressors may not all be the same size or have identical characteristics, the
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total load must be distributed on a adjustable percentage basis. The total
flow, as measured independently or as summed from individual flowmeters
as in Fig. 4.22, sets all ratio flow controllers (FFC). Each seeks to maintain
its own flow in the set proportion to the total by slowly biasing its vane
position (or speed) as required. The operator must judge how to set the
ratios to maximize the efficiency of the entire unit. Alternately, a computer
could optimize the load distribution, as done for boilers in Fig. 3.20, after
calculating ind\vidual efficiencies on the basis of delivered flow divided by
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Fig. 4.22. The pressure controller drives all guide vanes directly, while flow balancing

controllers bias individual vanes slowly.
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motive power. Since all compressors are operating into the same head,
pressures may be left out of the calculation.

It is imperative that the pressure controller act directly on the vanes (or
governor) without being cascaded through a flow controller. The response
of the flow loop & close enough to that of the pressure loop to interfere with
its performance. In fact, systems designed for pressure-flow cascade control
of compressors have had to be changed in the field to direct pressure control,

to achieve the desired degree of stability and response.

In any system where a single controller must manipulate several outputs
in parallel, however, a feedback loop must be added to protect the controlled
variable against upsets and gain changes when units are brought on and off
line. This feature was also provided for boilers and generators in Chapter 3
In Fig. 422, the output of the pressure controller is sent to summing units
where flow balancing & applied, then through low selectors for start and
stop commands, and finally through auto-manual stations (HIC) before

From
pressure
controller
i;_ FFC
< Feedback
Start ] l
Supply _0,0——#1 r-—— <
Stoé:j
T motor r 2 g To
starter ------- 1.ALM® summer
l

Fig. 4.23. Application of the supply signal to the positive input of the integrator will ramp
open the vane to the point where pressure control takes over; switching the signal to the negative
input ramps the vane closed, at which point the motor stopped.
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connection to the guide vanes. The actual vane-position signals are summed
and fed back to a high-speed integrator at the output of the pressure con-
troller. This integrator assures that the sum of the vane positions always
corresponds to the output of the pressure controller, regardless of how many
compressors are on line, or how their loading is balanced. Because there are
only instruments in this feedback loop, it can be made to respond in a
fraction of a second by appropriately adjusting the integrator, and will not
therefore degrade the response of the pressure-control loop.

The start-st'p circuit for each compressor is detailed in Fig. 4.23. The
guide vane is, ramped open or closed by applying a supply voltage (or
pressure) to the integrator. In the "start" position of the switch, the integrator
will ramp the vane open until the pressure controller assumes manipulation;
the integrator output continues to rise to maximum so that it will not
interfere with control. In the "stop” position, the integrator drives downward
from its maxin’ m output, requiring a little time to override the control
signal. Eventually it will close the vane, and the motor may be stopped.

The act of opening or closing a guide vane is fed back to the integrator in
the pressure control circuit, automatically adjusting the other vanes for the
disturbance. Notice also that the ratio flow controller is protected against

windup by taking its feedback signal through a selector whose other input
is the ramp.
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Chapter

)

Refrigeration

Refrigeration is used extensively not only in industrial processing but
increasingly to air-condition buildings. Most refrigeration systems are driven
by mechanical compressors, using electricity or high-pressure steam or gas
turbines for power. Hence, they are work-intensive and tend to be quite
costly to operate. They therefore present considerable opportunity for energy
conservation.

Additionally, all refrigeration systems ultimately pump heat into the en-
vironment-either into the atmosphere or cooling water. As a consequence,
their performance is quite sensitive to atmospheric conditions. In most cases,
control systems are applied to isolate refrigeration systems from atmospheric
disturbances, which then prevents them from taking advantage of favorable
conditions. The loss in performance thus sustained is doubly damaging when
the principal component ofheat load is leakage to the atmosphere, since it is
affected by the same conditions.

This chapter will describe common refrigeration systems and the factors
affecting their performance, culminating in controls to maximize that perfor-
mance under whatever conditions prevail.

A. MECHANICAL REFRIGERATION

1. Single-Stage Units

A simple mechanical refrigeration system is described in Fig. 5.1. The
compressor draws evaporati'lg refrigerant from the chiller where heat is
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removed from the process stream. Compressed to an elevated pressure and
temperature, the refrigerant is condensed against atmospheric cooling. The

condensed liquid then is drawn through an expansion valve where it is.

partially flashed to vapor at the lower pressure ofthe chiller. The remaining
liquid boils at that pressure to complete the cycle.

The controls shown in Fig. 51 are not coordinated with each other, and
are responsible for considerable inefficiency in the heat-pump cycle, as
conditions change. An investigation into the factors determining the perfor-
mance ofthe unit will reveal the problem areas and point the way to a more
efficient control system.

The amoun't of work W required to remove an amount of heat Q. from a
body at a temperature T. into a heat sink at temperature T. in a Carnot
cycle is

- W/Q.= (T.- TYT. (5.1)

where all temperatures are given in absolute units. Recognize, however, that
the Carnot cycle is based on isentropic compression and expansion, along
with reversible isothermal heat transfer. In practice, these conditions cannot
be approached, such that the actual work required will always be substan-

(PC _Speed _

\ .7 %

1

1

P
Compressor
Vapor
Te
!
Process
load
Chiller
Liquid

Fig. 5.1. These uncoordinated control loops prevent the refrigeration unit from operating
at maximum efficiency.

A. Mechanical Refrigeration 147

tially higher than that given in Eq. (5.1). Nonetheless, the simplicity of the
equation is useful to demonstrate the profound effect of source-sink temper-
ature difference on the performance of a heat pump. Control systems should
be designed to minimize that temperature difference insofar as possible,
consistent with ambient conditions and heat load.

A simple refrigeration cycle is shown on a pressure-enthalpy diagram in
Fig. 5.2. Refrigerant evaporating at T and p, is compressed to T, and p,
along a curve deviating somewhat from an isentropic contour. The super-
heated vapor is then cooled and condensed at pressure p,eThrottling through
the expansion valve delivers to the evaporator a mixture having the enthalpy
of saturated liquid at p,-

The heat absorbed per unit refrigerant in the evaporator is H, - H o-The
work consumed in compression is H, - H, The work required to transfer
a unit of heat is then

-W/Qc= (Hz- Hi)(H1- Ho) (52)

If the refrigerant were an ideal gas, Eq. (5.2) could be solved using the
familiar parameters of specific heats and latent heats, without referring to a
diagram. Compression work could be found from heat capacity C,

-W=C (T2- Td (5.3)
and discharge temperature could be found from the compression ratio,
T2/T: = PI'P/P1 (54
1000
Liquid Liquid < vapor Vapor
\T2
Condenso lion al T3 Cooling |
» 0r o
& !
m Throttling
-7. Evaporation at T
a o b !
Ho
| ] 1 i ]
0 200 400 600 800

Enthalpy, Btu/lb
Fig. 5.2. A simple refrigeration cycle using ammonia.
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where @= 1- c./Cpand I/ & the polytropic efficiency of the compressor.
However, refrigerants tend to deviate from ideality, so caution should be
exercised in using this approach.

Once a particular cycle has been described and evaluated it is possible to
equate the true work-heat ratio to the Carnot expression by applying an
appropriate efficiency factor:

) -W/Qc = (13 - T/ T1 ()

Having evaluated the cycle efficiency 1/ for a nominal set of conditions,
Eq. (55) may then be used to investigate the influence of temperatures on the
work-heat ratio. Recognize however, that the condensing and evaporating
temperatures T; and T depart from sink and source temperatures T, and
T. by the temperature differences across the two heat-transfer surfaces. At

zero load, T; =. T,and T3 = T,; a the heat load increases, the temperature
differen!=es wil(increase:

Ti= Tc- Qc/UcA. (6)
Ts=T.+ Qo W)/UA. ©G7)

where U and A are the effective overall heat-transfer coefficient and area for
the heat exchanger designated by the subscripts.

The dominant factor in the heat-work relationship is the temperature
difference T - T, To conserve energy, this temperature difference should
be minimized insofar as possible. Where it is partially contingent on heat
transfer, that heat transfer should be facilitated by maximizing U,A. and
U,A.-in general, the controls applied to refrigeration units, typified by
Fig. 5.1, do not. By attempting to control condenser temperature (or pressure)
at a constant.value, the controller inhibits heat transfer, raising T3 - T., and
therefore '3, above its minimum value. Similarly, T. is controlled by the
expansion valve, which holds the refrigerant level in the chiller below maxi-
mum, thereby reducing the effective area ofheat transfer. As aresult, T.- T,
i higher than necessary, and therefore T, is lower than it would be without
controls. In fact T, & held arbitrarily at the boiling point of the refrigerant
at the controlled pressure in the chiller. This & neither necessary nor desirable.

The three control loops are completely uncoordinated. Each is designed to
function assuming constant values for the other two controlled variables.
Minimizing T3 - T, requires that heat transfer through both heat ex-
changers be unrestricted. When the heat load Q. and ambient temperature T,
change, then suction and discharge pressures and temperatures should also
change-this is the only way to minimize the work required for compression.

Figure 53 shows the refrigeration unit with controls rearranged to reduce
compression work. Control over condenser temperature is eliminated to take

A. Mechanical Refrigeration 149

TC

Fig. 5.3. Rearrangement of the controls to use all available heat-transfer surface maximizes
cycle efficiency.

full advantage of ambient variations. In addition, level in the chiller is con-
trolled at a point where all tubes are immersed, and heat transfer is therefore
not restricted by dry surface. This allows a higher pressure in the chiller for a
given controlled temperature and heat load. The pressure controller will then
reduce speed, and with it, suction flow and horsepower.

Lacking control over condenser temperature will cause substantial varia-
tions in it as ambient changes develop. The cycle will become more efficient
at night, during rainy weather, and in the winter. At some point a constraint
may arise (such as the surge limit of the compressor) beyond which no
further savings in power are realizable. Also worth considering are savings
in fan horsepower possible during periods of low ambient temperatures. A
fan driven by a two-speed motor can be reduced in speed under these condi-
tions; or in a multiple-fan installation, some fans may be turned off. These
operations are much simpler and Jess costly than the incorporation oflouvers
as in Fig. 51 or variable-pitch blades. While these adjustments are necessary
if a uniform temperature or pressure is required, they are superfluous for the
optimization problem just described.

Ideally, expansion of refrigerant liquid to the pressure of the chiller would
be conducted through an engine rather than a valve. Figure 110 shows that
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it results in less vaporization as well as recovering some of the work of
compression. Unfortunately, an engine operating on saturated liquid faces
severe mechanical stresses. The liquid is easily propelled i slugs by the
rapidly expanding vapor, causing extensive erosion.

Instead, where pressure differences are large, the refrigerant is expanded in
two or three stages through valves. At each stage, vapor is removed and
returned to an appropriate point between compressor stages. This helps
reduce superheat within the compressor, and reduces suction flow, both of
which improve' cycle efficiency.

2. Serving Multiple Users

Multistage compressors are often used to supply refrigeration to users at
several temperatures by means of "side-loading." It is based on the same
multistage-fla h. principle described above. Liquid refrigerant is available at
each stage offlashing, evaporating at the corresponding stage of compression,
as shown i Fig. 54.

The contra, system is arranged to provide only enough compressor power
to meet the needs of the most-open user valve. Like other valve-position
controllers, this is set for slow manipulation of compressor speed to avoid
upsetting those users not selected for control. There is, however, one distinc-

ry“i%).?’.‘.“."
. : C><0

Fie- 54, The multistage compressor provides refrigeration at several temperatures with a
single fluid.

ey eSS
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tion between this flow pattern, which is serial, and parallel patterns. If one
of the user valves is consistently much more open than the others, it may
indicate an evaporating pressure that is too high for the heat load. Recon-
nection of that user to a lower-pressure stage could provide a better balance
among all users. Ideally, all control valves should approach the full-open
position, where work loss due to throttling is minimized.

Chillers connected in parallel, using the same liquid and evaporating into
the same vapor header, can be controlled i a similar fashion. However there
is another arrangement that eliminates all vapor valves and is therefore
worth considering-it is shown in Fig. SS. Rather than throttling the vapor,
liquid is throttled to reduce the tube surface exposed to boiling, thereby
regulating heat transfer. The chiller requiring the most heat transfer will have
the highest level of refrigerant. Then compressor speed can be used to control
the highest refrigerant level to achieve the same effect as the vapor valve-
position controller used earlier.

The major drawback of the variable-level chiller is its poor response to
control action. In order to change heat-transfer rate, level must change first;
and the rate of level change is limited by the capacity of the chiller and the
rate of boiloff. Consequently, response of temperature to refrigerant valve
position is slow. But there is an additional complication: boiling refrigerant
tends to foam, wetting more tube surface than is i dicated by a liquid weight

Vapor he oder

To
compresser --—
governor

Liquid heoder

Fig. S.S. The compressor must be controlled to satisfy the most demanding user, which is
the chiller with the highest level of refrigerant.
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measurement. In fact, all the tube surface may be wet when the weight
measurement indicates the chiller to be only half full. The degree of foaming
is proportional to the heat load, which provides a certain degree of self-
regulation in response to load changes. However, response to control action
attempting to correct a deviation i temperature may not be linear or
reproducible. Then it is difficult to find controller settings which are both
responsive and stable for all operating conditions. In an effort to provide
stability, res psiveness  often must be sacrificed.

3. Precise Temperature Control

Occasionally, extreme precision i required over process temperature, to
provide a maximum amount of chilling without freezing, as an example. This
requires maximum responsiveness, so that liquid level must be held constant
and evaporating pressure manipulated for control. The rate of heat transfer
will be. directiy proportional to the temperature difference between the
process fluid and the evaporating refrigerant. Therefore, for a given controlled
temperature, the refrigerant temperature, as determined by its pressure, must
change with heat load in a manner indicated in Fig. 5.6.

As the heat-transfer rate approaches zero, there will be no gradient across
the tube surface, and the refrigerant temperature will be at the control point.
To increase the heat-transfer rate, refrigerant temperature must fall from that
point in a reasonably linear fashion. Over the ranges of operating conditions
encountered in a system such as this, the vapor pressure of a refrigerant is

Po §

Heat - transfer rate Qc

Fig. 5.6. Refrigerant pressure must decrease as heat load increases to maintain a constant
process temperature.
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usually linear with temperature and is therefore generally linear with heat-
transfer rate. Where this assumption is not justified, an estimate of refrigerant
pressure at two or three conditions other than zero heat load can be used to
provide a more representative curve.

Figure 5.7 shows how a feedforward control system would be implemented,
based on this relationship. The heat load is calculated from process flow F
and the desired reduction in temperature:

Q=K(T; - T) (5.8)
where T! is the desired outlet temperature of the process fluid, T; is its
measured inlet temperature, and Cis its heat capacity. (Note: the superscript
asterisk is used to distinguish set points from measured variables.) Feedback
trim is customarily applied in the location where the controller set point
appears in the feedforward equation (1). Then the output mof the feedback
controller appears in place of T! n Fig. 57. Having estimated the heat-
transfer rate, it is then necessary to program the refrigerant temperature T,
proportional to it:

- 1= Ky, (5.9)

Oc(t) T T

Ti-m Set To*

Vapor

F <
Process i

J’

T

Fig. 5.7. This feedforward system sets refrigerant pressure proportional to calculated heat
load.

Refrigerant
liquid
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where K is an adjustable constant representing heat-transfer area and coeffi-
cient. Finally the desired refrigerant pressure p: is extracted as a function of
its temperature:

p:=f(Tn=f[T!- KFOC(T; - m)] (510)

Dynamic compensation in the form of a first-order lead-lag & usually
necessary to match the response of process temperature to refrigerant pres-
sure, to that rsulting from changes in flow F. Its presence is indicated i
Eq. (510) by the functional (¢). See Ref. (1, pp. 211-219) for details on its
contribution and adjustment.

An important feature of the system is its ability to return refrigerant pres-
sure consistently to the vapor pressure corresponding to the control point,
upon loss of heat load. This protects against freezing on loss of load, regard-
less of whatever action may have been taken by the feedback controller in
the course of peration. As zero load & approached, the feedback controller
loses its influence over the process.

Coefficint K should be adjusted to match the slope of the line in Fig. 56
to the true process characteristic. If inlet temperature T; is not significantly
variable, it may be omitted from the calculation, and the output of the feed-
back controller may be connected directly into the multiplier. The equation
thus developed is

p =fIT!- mF®] (511)
System complexity is thereby reduced, and the feedback controller takes over
the task of slope adjustment.

A valve-position control system similar to that shown in Fig. 54 can be
used to conserve compressor power.

4. Compressor Load Lines

Load lines for processes using compressed gases were presented in Chap-
ter 4 to locate operating points and speculate on the effects of control action.
Similar lines can be drawn for refrigeration systems by converting heat flow
into volumetric suction flow, and temperature difference into head.

If suction pressure is constant, mass flow and volumetric flow are equiva-
lent. Also if the pressure in the chiller is constant, the latent heat of evapora-
tion will be constant as well. Then volumetric suction flow is proportional to
heat flow, making the two scales equivalent. However, an example follows,
where the actual variation in suction pressure is taken into account in
establishing the load line.

Adiabatic head was found in Chapter 4 to be related to temperature rise
through the adiabatic efficiency factor:

h,= 7783r,Cp(T, - T)) (512)
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However adiabatic efficiency ri. 5 not constant, varying with compression
ratio. Fortunately, there is a direct substitution of polytropic head and
efficiency for adiabatic head and efficiency:

h, = 7783r, C(T>- Ti) (513

It will be recalled that Y/ is a property of the compressor alone, being inde-
pendent of compression ratio and gas composition. For a refrigerant of
constant heat capacity, then, polytropic head & linear with temperature rise.

A few other variables need to be evaluated before any conclusions can be
drawn. Ifwe can use the modified Carnot expression, Eq. (5.5), the adiabatic
head can be determined from work, since

- W=Eh/778.3'1. (514
where F, is the mass flow of refrigerant. Combining (55) and (5.14) eliminates
-W,giving

F,n./71835.Qp= (Ts- Ti}/rJr
Substituting latent heat of vaporization H, - Ho for Qc/F., adiabatic head
can be found:
h. =7783(t,/17c)H, - Ho)(Ts- Ti)/Tq (515)

If efficiency factors are reasonably constant, h. is seen to vary linearly with
13 - Tl‘

Next, T5 - T, varies with heat load, as indicated by subtracting Egs. (56)
and (5.7):

T- TL=T. - Te+ Qcll/UAc+ (L/UA)L - W/QJ] (516)

The importance of maximizing the UA product in both heat exchangers then
becomes apparent.

To illustrate the general shape of a refrigeration load line, Table 51 and
Fig. 58 have been prepared, based on a cycle in which Refrigerant 11 i used
to pump heat from chilled water at 50°F to air at 90°F. A 10-°F temperature

Table 51
Adiabatic Head and Volumetric Suction Flow versus Heat Load

Q%) T.(R T (R W @ v
100 140 40 0.27 12,600 100
50 113 45 0.18 9400 41
0 90 50 0.10 5500 0
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Fig. §.% ., A rc;frigcration load curve & nearly linear, with an intercept based on sourc ink
temperature difference.

drop is taken across the chiller at full load, and a 50-°F drop across the con-
denser. The head is given in terms of compressor efficiency-either adiabatic
or polytropic head and efficiency may be used.

As anlicjipated, the load line is reasonably linear, elevated by the source-
sink temperature difference. If this difference can be reduced, head will be
reduced, thereby saving power and improving the turndown capability ofthe
compressor. The slope of the load line varies with the heat-transfer areas and
coefficients of the two exchangers. Increasing these parameters will lower the
curve, also reducing power and improving turndown.

Recognize that the curve shown in Fig. 58 can be obtained only with the
energy-saving control system of Fig. 5.3. As the heat load is reduced, suction
pressure (and therefore evaporating temperature T;)is allowed to rise, and
condensing temperature T3 is allowed to fall. Ifthe uncoordinated system of
Fig. 51 is used instead, suction pressure and condensing temperature are
held constant, forcing the compressor head to remain constant at all loads.
This not only uses more power at reduced loads, but raises the load level at
which the surge limit is encountered, thereby reducing turndown. Figure 59
compares the two situations.

However, Fig. 59 shows only the effect of heat load on the two systems.
Variations in source and sink temperatures can have a still more profound
influence. If the ambient temperature were to fall, the entire curve for the
coordinated system would fall, further reducing power and the surge limit.
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Fig. 5.9. An uncoordinated control system, by maintaining constant suction and discharge
conditions, requires more power and decreases the operating range or the compressor.

The effect of raising the control point T . would be similar but less dramatic,
because it is unlikely to change as much as ambient temperature. By contrast,
the uncoordinated controls of Fig. 51 protect the refrigeration unit against
ambient changes, fixing the load line in a single position.

B. DEEP COOLING

While single-stage refrigeration units are by far the most common types
encountered in industry, there are many applications they cannot satisfy. As
the source-sink temperature difference increases, compression ratios must
also increase. To improve compression efficiency, interstage cooling becomes
necessary.

At some point, the use of a single refrigerant becomes inefficient. If com-
pressor suction pressure is forced lower, equipment and piping must increase
in size and therefore cost. At higher discharge pressures, costs also increase;
furthermore, as criticality is approached, the latent heat of the refrigerant
diminishes, requiring higher circulation rates for a given heat flow.

There are several alternatives to the single-refrigerant system, some of
which will be presented to examine their control. Two different refrigerants
may be used, separated by a heat-transfer surface, in what is known as a
"cascade” system. Another approach is the use ofa multicomponent mixture,
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which fractionates as it proceeds through the cycle. Refrigeration can also be
obtained by expanding gases rather than liquids. Each method has its own
problems and opportunities for energy conservation.

1. Cascade Systems

In a cascade system, a higher-boiling refrigerant is used to condense a
lower-boiling-qne, as shown in Fig. 5.10. In this example ethylene is evapo-
rated at perha,ps - 150 F, compressed, and condensed by boiling propane at
about -40°F. The propane vapor is in turn compressed and condensed
against cooling water at 80" F. A third stage can be added wherein methane is

T <

Cooling wotor
Propane
cyde

Ethylene
cycle

Fig. 5.10. In a cascade refrigeration system, the work load should be equitably distributed
between stages.

P
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condensed against the ethylene, allowing temperatures as low as - 250°F to
be reached. A three-stage system such as this applied to the liquefaction of
natural gas is described in Ref. (2).

Typically, each stage of a cascade system is controlled as if it were inde-
pendent of the other stages. This can result in operation that is far from
optimum. Although essentially the same heat load is passed serially from one
stage to the next, the work required to pump that particular flow of heat may
not be equitably distributed. If the temperature at the point of heat transfer
between stages is too low, the high-temperature stage may be more heavily
loaded than the low-temperature stage. The adiabatic efficiency of a com-
pressor decreases as its compression ratio increases, per Eq. (4.12). Then the
compressor with the higher ratio would require more power to transfer the
same amount of heat than would be saved by the compressor with the lower
ratio. An optimum interstage temperature exists where the load is divided in
such a way that a minimum total power is needed to pump the required flow
of heat. This will be near the point at which compression ratios are equal or
temperature differences are equal, but not necessarily at it. The higher-
temperature stage must pump more heat than the lower-temperature com-
pressor, by the work that the latter introduces. In addition, the two fluids
differ n their thermodynamic properties.

The control system in Fig. 5.10 offers a simple solution to this optimization
problem. The temperature controller on the chilled process stream sets the
low-temperature compressor speed through its suction-pressure controller.
Then the other compressor speed is set in ratio to it, with the ratio adjusted
to reach an observed optimum. What this system lacks in accuracy it gains
in simplicity. Additionally, optimization systems ordinarily do not demand
extreme accuracy because, in most cases, operating cost is relatively insensi-
tive to the manipulated parameter in the optimum region.

Both compressors can benefit from favorable ambient conditions. As the
high-stage discharge temperature falls, its uncontrolled suction pressure
will follow. This in turn will cause the discharge temperature of the low-
temperature stage to fall, decreasing its suction pressure. The suction pressure
controller will then reduce the speed of both compressors proportionately.

Equitable distribution of load also improves the turndown of the entire
system. The heat load at which a surge limit is encountered will be lowest if
both compressors reach their limit together. Otherwise either one or the other
will meet a limit at a higher load. In fact, the speed ratio could simply be set
to make both compressors reach their surge limits together, and the system
would probably operate quite close to the true optimum at all speeds.

In many cascade systems, the higher-temperature refrigerant serves other
users as well as condensing the lower-temperature refrigerant. In this case,
its maximum evaporation pressure would have to be selected to satisfy the
most demanding user, as was done with the multiple side-load unit in Fig. 54.
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2. Mixed-Refrigerant Systems

The principal advantage of a mixed-refrigerant system is that deep cooling
can be achieved with a single compressor. The compressed mixture is
liquefied fractionally, in countercurrent heat exchange with -liquid evapo-
rating at lower pressure. The flowsheet as shown in Fig. 511 is a simplified
description of a system designed for liquefaction of natural gas. The refriger-

feed

Product

Fig. 511. In a mixed-refrigerant system, a temperature gradient k established by frac-
tionation of the refrigerant at essentially constant pressure.
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ant is a mixture of paraffin hydrocarbons from methane through butanes,
with a small percentage of nitrogen.

After one (as shown) or two stages of compression and atmospheric cooling,
the mixture fractionates into liquid and vapor. The liquid s cooled against
vapor rising from colder sections, and then flashed to the vapor compartment
of the same exchanger to provide additional chilling. The vapor stream from
the separator is partially liquefied in the same exchanger, and sent to a second
separator. The process is repeated at each exchanger-only four are shown
here, but more may be used. The feed gas to be liquefied passes sequentially
through the exchangers.

The pressure in the condenser tubes & essentially that of the compressor
discharge, while the shells are at suction pressure. This pressure difference
produces a temperature difference between tube and shell of each exchanger.
However the temperature gradient from the warmest to the coldest exchanger
is a function of the composition of the mixture.

In fact, composition control is the key to optimizing the performance of
the system. If suction and discharge pressures are too high at a given load,
heavy components should be added to the mixture or light components
removed, depending on inventories elsewhere. Light components may be
removed by venting the coldest sections where they concentrate.

A low concentration of an intermediate component such as propane or
ethane will appear as insufficient liquid flowing through the expansion valve
in that section. In a natural-gas liquefaction plant, the necessary components
may be extracted from the feed gas itself.

The optimum refrigerant composition will change with the composition of
the feed gas. Some adjustment is also required seasonally, as the plant load
and ambient conditions change. The controls that operate the compressor
and the atmospheric condenser are basically no different than for a single-
stage system. To take advantage of colder ambient conditions and feed gas,
some of the heavier components should be removed during the winter, and
replaced during the summer. Otherwise compressor pressures might move
beyond allowable limits when extremes of weather and load are encountered.
The added dimension of composition adjustment makes the mixed-
refrigerant system potentially more efficient than a cascade system, in that it
can be adjusted optimally for each set of operating conditions. How closely
the optimal is approached in practice depends on how rapidly and widely
conditions change, and the difficulty and cost of adjusting refrigerant com-
position.

3. Gas-Phase Refrigeration

Refrigeration can also be achieved by removing energy from a cooled,
compressed gas in an expansion engine. This is the method used to liquefy
air, with heat being rejected to a conventional ammonia cycle in cascade. It



12 5. Refrigeration

is also possible to achieve cooling by isenthalpic expansion of a gas across a
valve, depending on its Joule-Thompson coefficient.

If an ideal gas & expanded through a restriction at constant enthalpy, its
temperature will not change. The Joule-Thompson coefficient g,

p= (oT/op)y (5.17)
is zero for an ideal gas. Most real gases have positive Joule-Thompson
coefficients, Wathose of hydrogen and helium are negative. Some, like

ide, have

carbon dioxi e negative coefficients at very low temperatures. Table 52
lists coefficients for some common gases at - 50°C and € atm.

Table 5.2
Joule-Thompson Coefficients for Common Gases at - S 0°C
and 60 aim
Gas u(’ C/atm) Gas u ( C/atm)
JAir 0.32 Hydrogen -0.018
Carbon dioxide -0.015 Nitrogen 0.30
Helium -0.061 Methane 071

As the table indicates, air, nitrogen, and methane can be used as refrigerants
under conditions of isenthalpic expansion, while the others cannot. This is
the basis of the Linde process used for air liquefaction and separation at the
tum of the century.

The Claude process, using expansion through an engine, is much more
efficient. A greater temperature drop is achieved, and work is recovered for
compression as well. Figure 512 gives a simplified description of a process
for liquefying carbon dioxide from a mixture of gases, using an expander.

The mture is compressed and cooled against water and refrigerant. The
final stage-of cooling is regenerative-gas exhausted through an expander is
reduced sufficiently in temperature to liquefy the product. A process of this
sort would ordinarily be controlled at constant pressure by throttling the
exhaust, and at constant temperature by throttling the refrigerant. In the
absence ofexhaust-gas throttling, liquefaction pressure would vary somewhat
with load, as shown in Fig. 5.13.

If the load were constant, as if the exhaust gas were throttled through a
fixed restrictor, discharge pressure and flow would follow that load line as
compressor speed varied. An expander typically produces a linear relation-
ship between inlet pressure and mass flow, a seen in the characteristics of a
steam turbine coupled to a generator. When its speed is increased, the pres-
sure drop decreases for a given flow, reflecting a decrease in internal resis-
tance. Since the expander and compressor are connected to the same shaft, a
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Fig. 5.13. A compressor-expander combination on the same shaft provides some regulation
over pressure.

change in speed will cause both their curves to shift, in a manner that tends to
regulate pressure. Pressure will still rise with an increase in speed, but not as
much as it would with a constant load; the principal effect will be a change in
flow.

Maximum efficiency will be achieved if the expander is not restricted by a
throttling valve, which means the pressure must be allowed to vary. Then
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control over the liquefaction process must be exercised by adjusting the
amount ofsupplementary refrigeration provided. In essence, the composition
ofthe liquid product is to be controlled. This can be accomplished by relating
its pressure and temperature along a contour of constant composition-
essentially a vapor-pressure or dew-point curve. For moderate variations in
temperature, the curve is nearly linear. The dew point can then be calculated
as a function of observed temperature T and pressure p:

wer-Y o (518)
pr

where T, is the dew point of the mixture at base pressure Py, and the partial
derivative represents the slope ofthe curve at constant composition x

C. STEAM REFRIGERATION

Refrig ration from steam at relatively low pressures is commonly used for
air conditioning moderately sized buildings and industrial facilities. The
efficiency ofthese systems is not high. Basically, they pump heat from chilled
water to cooling water much like a mechanical refrigeration unit, using the
available work in steam rather than mechanical work. But much more
low-pressure steam is required to generate a ton of cooling than high-
pressure.steam, simply because of the difference in available work. There is
no advantage to providing part ofa plant's cooling needs by a steam-driven
compressor, with the balance produced by exhaust steam from the turbine.
Refrigeration requires work, rather than heat, so there is no optimum
balance between refrigeration loads, as exists between work and heat.

Refrigeration from low-pressure steam is therefore most commonly used
for air-conditioning facilities that use steam for heating. Then the steam
demand does not vary greatly from winter to summer. Ifelectrically powered
air-conditi_oners were used, the facility's electrical demand would be high in
summer and its steam demand high in winter-an imbalanced condition.

There are essentially two types of steam refrigeration-absorption, and
jet-ejector refrigeration. Both are based on vacuum evaporation of water.

1. Absorption Cycles

In an absorption system, a brine oflithium bromide or similar hygroscopic
salt reduces the vapor pressure of the water in which it is dissolved. This
promotes evaporation of distilled water, drawing its latent heat from the
chilled water as shown in Fig. 5.14.

The unit is split into two sections: the upper, where the solution is con-
centrated, and the lower, where evaporation takes place. In the upper body,
steam boils the brine at about 15 psia. The water distilled is condensed
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against cooling water and flows to the evaporating section ofthe lower body.
Concentrated brine exchanges heat with dilute brine flowing to the upper
body, and strengthens the brine being used for absorption.

In the lower body, distilled water is recirculated at 0.1 psi,, evaporating
against the chilled-water coils. At that pressure, water boils at 35 F, pro-
ducing chilled water in the 40-50'F range. The low absolute pressure is
maintained by absorbing the water vapor into recirculated brine, with its
latent heat transferred to a cooling-water coil. The pressur reached is
therefore a function of the concentration of the brine and the temperature
ofthe cooling water. The boiling point of the brine is typically controlled by
admission of weak solution to the concentrator as shown.

The efficiency of converting work into heat in an absorption unit is
relatively low. Reference (3) cites a flow rate of 187 lb/h of steam at 5 psig
required to generate one ton ofrefrigeration at 40°F, using cooling water at
& F. Under these conditions, the available work ofthe steam is 215 Btu/1b.
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Then
-w 187 Ib/ton-h
Q T 12000 Btu/ton-h
I ( the temperatures for the chilled water and cooling water are inserted in
Eq. (55), along with the work-heat ratio above,

&-40 1
e = 460 + 40 0335 = 0269

15 Btuflb) _ 0335

As with other refrigeration systems, the work-heat ratio can be improved
markedly as the temperature difference between source and sink reduces.
Reference (3) indicates that the steam flow required per ton of cooling de-
creases by 10% as the heat load falls from 100 to 40%. This improvement in
performance is probably due to decreased temperature gradients across all
heat-transfer-surfaces. Consequently, the estimate of l/. above is probably
about 10% low, in that T. and T. were used in its calculation, instead of the
unmeasurable T3 and T, Further reduction in load below 40% does not
seem.to offer any improvement in efficiency, probably due to deteriorating
heat-transfer coefficients at lower velocities.

This data was all obtained at a 40-°F chilled water temperature. If this
temperature control point is raised, the steam consumption per ton of reftrig-
eration is reduced, and the capacity of the unit increased. With 8°F cooling
and steam at 5 psig, an increase in T from 40 to 50°F increases unit capacity
by 24% and reduces - W Q by about 4.5%, according to Ref. (3). According
to Eq. (55), both should improve by 31%.

Performance & also improved as cooling water temperature falls. A drop
from & to 75°F increases unit capacity by the same 24%, but reduces steam
consumption only 22% (3). Again, Eq. (55) predicts a 28% reduction.
Reference (4) however reports a reduction of 11% for a two-stage absorption
unit for the same drop in cooling-water temperature.

The two-stage unit concentrates the absorbent by double-effect evapora-
tion. Steam at 125 psig boils brine at about 5 psig. The vapor resulting from
this stage of evaporation is then applied to the concentrator of a single-stage
unit. The work-heat ratio is essentially identical to that ofa single-stage unit,
although steam usage is about 37% lower. In a plant where steam at 125-150
psig is more available than 5-psig steam, the additional stage is worthwhile.

Ifsteam is accounted in the plant on an enthalpy basis alone, the two-stage
unit will appear to be more economic. But ifaccounting is based on available
work, there will be no difference between the two choices.

The controls as shown in Fig. 514 maintain chilled-water temperature
by modulating steam flow. As steam flow increases, the temperature of the
concentrated brine rises, causing the concentrator inlet valve to increase

C. Steam Refrigeration 167

feed rate. This causes more concentrated brine to overflow into the absorber,
raising the strength of the absorbent and thereby reducing the pressure in
the evaporator. The subsequent reduction in boiling point increases the tem-
perature gradient across the chiller tubes, thereby increasing heat transfer.

In most systems, cooling-water flow is fixed, as is the control point for
chilled-water temperature. Improvement in efficiency is possible if appro-
priate adjustments are made, commensurate with the heat load and cooling-
water temperature. Following the discussion of steam-jet refrigeration,
optimization of these systems by cooling-water manipulation is presented.
Then a program for managing chilled water systems is proposed, to maximize
T, as a function of load, and, with it, the efficiency of the unit.

2. Steam-Jet Refrigeration

Steam-jet refrigeration is less efficient than absorption refrigeration in
the 40-50-°F range, but its efficiency improves markedly as the chilled-water
control point is raised. Consequently, its most common service is in the range
of 50-80°F, between absorption refrigeration and cooling-tower water.

Figure 515 shows the chilled water being cooled directly by evaporation
in a vacuum chamber. Vapors are withdrawn through a steam-jet ejector

Water
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Fig. 5.15. Steam-jet ejectors provide vacuum evaporation of chilled water.
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which discharges into a condenser. If the condensate is worth recovering, a
surface condenser must be used, with a condensate pump. If not, a direct-
contact barometric condenser may be used, discharging into a hotwell. The
barometric leg must be 34 ft in length to keep air from backing into the
vacuum chamber. Noncondensible gas such as infiltrated air is removed by
a smaller single-stage or two-stage ejector, to maintain vacuum. The system
may be.operated either closed or open; ie, chilled water may be returned
or not Thetopen operating mode is less efficient in that make-up water
would almost certainly be warmer than returning chilled water.

Evans (5) lists the utility requirements in terms of 85-F cooling water
and 100-psig steam per ton of cooling, as a function of chilled-water tem-
perature: His data, converted to work-heat ratio, appear in Table 5.3. From
this information, the steam-jet refrigerator seems to follow the Carnot
equation mu.ch more closely than does the absorption unit.

TableS.3

i The Work-Heat Ratio for Steam-Jet Refrigeration Using
100-psig Steam aad 85°F Cooling Water

Cooling water flow (gpm/ton)

Chilled-water
temperature (°F) 4 6 8 »
40 — - 0647 0.584
50 0.663 0492 0449 0426
60 0418 0.352 0327 —
70 0.286 — _— —_

For example, raising T, from 50 to 70°F should reduce -W/Q by a
factor of
8 - 70 460 + 50
460 +70 85- 50

Dividing the #/Q ratios obtained at 4 gpm/ton and 50 and 70°F in Table
53 gives

= 0412

0.286/0.663 = 0431

Similar results are obtained at other temperatures and cooling-water rates.

This exercise indicates that the performance of the steam-jet refrigerator
is predictable using Eq. (5.5), both with respect to source and sink tempera-
tures. Being more sensitive to these variables than the absorption unit, its
efficiency will be much more responsive to control adjustments. Consider-
able improvement in efficiency may then be realized under favorable con-
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ditions of load and coolant temperature. In this respect, it resembles a
mechanical refrigeration unit.

The vapor pressure attainable in the evaporator varies with the com-
pression ratio of the ejector and the backpressure into which it discharges.
Neglecting the very small amount of infiltrated air likely to be encountered,
the backpressure is essentially the vapor pressure ofwater at the condensing
temperature. In essence, the ejector pumps heat from the evaporating tem-
perature to the condensing temperature. Naturally, the condensing tempera-
ture is higher than the cooling-water temperature and is proportional to
cooling-water flow. Hence increasing cooling-water flow will reduce the
condensing temperature, and thereby improve the efficiency of the unit, as
Table 5.3 indicates.

3. Optimization

Whenever a single controlled variable (such as chilled-water temperature)
responds to two manipulated variables (such as steam and cooling-water
flows), there is an opportunity for optimization. Ifthe cooling water had no
cost, its flow could be maximized, which would in turn minimize the amount
of steam required to produce a given chilled-water temperature. Or if the
steam were free, its flow could be maximized, which would allow cooling-
water flow to be reduced to a minimum.

Actual plant situations lie between these extremes: neither utility is free.
Hence there exists some combination ofthe two which will provide chilled
water at the necessary temperature at a minimum operating cost. Neither
the optimum cooling-water flow nor the optimum steam flow are likely to
be constant, however. The refrigeration system is subject to variations in
heat load, chilled-water temperature, and cooling-water temperature. As
these parameters vary, both manipulated variables will require readjustment
to maintain optimum conditions. An analysis of the data in Ref. (5) will
reveal the coordination required between the two flow rates.

If steam flow in pounds per ton-hour is plotted against condenser cooling-
water flow for each value of T, a series of hyperbolas is formed, as in Fig.
5.16. The general relationship for the curves is

F.= a/F, (5.19)
whre coefficient a varies with T.
The cost of operating the unit is the sum ofsteam and cooling water costs:

$= Vi, + VFw (5.20)

If Eq. (5.19) is a reasonable model of the process, a substitution can be
made for E in terms of Fw:

$=v.a/F,+ WwWw (5.21)
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Fig. 5.16. Steam usage per ton of refrigeration is affected by both cooling-water flow and
chilled-water temperature.

Equation (5.21) indicates the presence of a minimum. When (5.21) is differ-
entiated and set to zero, the optimum value of Fw may be found:

d$/dFw = - v.(a/F;) + w =0, (Fujopl = ) av,iw (5.22)

The minimum point in a hyperbolic equation such as (5.21) happens to
be coincident with equality of the individual terms. That is, when the cost
of steam and cooling water are approximately equal, operation is optimum.
To demonstrate, let

v.F. = wFu, V-(a/Fw) = WwFw, Fw= .]av. ALY

If this method of determining the optimum water flow is valid, then con-

trolling at the optimum can be achieved simply by setting water flow in the
proper ratio to steam flow:

(Fw)opl L3 (Vwa)F (523)

To validate this approximation, the optimum cooling-water flow was
found using an arbitrary set of costs, applied to the data from Fig. 5.16.
Figure 5.17 was generated therefrom, using costs 0f$0.10/1000 gal for water
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Fig. 5.17. There is an optimum combination of steam and cooling water for each tem-
perature.

and $2.00/1000 Ib ofsteam. The optimum cooling-water flow at 55°F chilled-

water temperature occurs at about 4.6 gpm/ton. At that point, the cost of
the cooling water is

46 gpm/ton x 60 min/h x 10¢/1000 gal = 2.76¢/ton-h
From Fig. 5.16, the concurrent steam flow is about 186 lb/ton-h, costing
186 x $2.00/1000 b =3.72¢/ton-h

The two costs are decidedly unequal at the optimum. [f the control system
is operated to make the two costs equal, it will drive the cooling-water
flow to 555 gpm/ton and the steam flow to 169 lb/ton-h, raising the total
cost from the optimum of 6.48¢/ton-h to 6.71¢/ton-h. The penalty for sub-
optimum operation is an increase in cost of about 3.5%. This increment
of saving is not likely to justify a more complex control system.

The control system required to equalize the cost of the two streams is
shown in Fig. 5.18. Measured steam flow sets the cooling-water flow through
a ratio flow controller (FFC). The flow ratio would be set to satisfy Eq.
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Fig. 5.18. Controlling cooling-water flow in ratio to steam flow approaches optimum
operation.

(523) if equal costs did in fact result in minimum cost. Since it does not, the
ratio may be adjusted to a lower value, more in keeping with the costs
determined by finding the actual optimum. While this ratio may not be
exact for all chilled-water temperatures, it should approach the optimum
more-closely than the equal-cost ratio.

Variations in the chilled-water control point and in cooling-water tem-
perature should have about the same effect on the system. The temperature
controller will respond by readjusting both steam and water. Operating cost
may change, but should still remain near optimum.

D. BRINE AND CHILLED-WATER SYSTEMS

In plants where there are many refrigeration users, distribution of cooling
is often carried out with brine or water, rather than by evaporating refrigerant
at each user. This practice saves in the size of piping in that liquid rather
than vapor is returned to the refrigeration unit. It also reduces the inventory
of expensive refrigerant, and the risk entailed with its leakage.

Where subfreezing temperatures are encountered, the medium must be
properly conditioned. Glycol-water mixtures are common in this service.
Although certain organic fluids have been used, their cost and hazards can-
not be justified, except for very low temperatures. Water is used for all
systems not requiring temperatures below 35°F. Most central air-condition-
ing plants distribute their cooling as chilled water at 40°F.
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One of the purposes of the following investigation is to determine the

optimum temperature for brine or chilled water as load and ambient con-
ditions vary.

1. Two-Way Valving

Chilled water or brine may be directed to users by means of either two-
way or three-way valves. A two-way valve throttles the flow of the medium,
stopping it altogether if no cooling is required. A three-way valve diverts
part of the medium around the user such that its flow from the supply header
to the return header tends to be relatively constant, regardless of the cooling
load. The system with three-way valves is more efficient from the standpoint
of the refrigeration unit. Maintaining a constant flow through the coils of
an absorption unit or through the evaporator of a steam-jet unit will help
keep its efficiency high at low heat loads. On the other hand, pumping costs
are higher at low-load conditions. This may be an important consideration
when transporting chilled water over long distances.

With either arrangement, the efficiency of the refrigeration unit will be
improved if the temperature of the chilled water or brine is as high as the
various users can accommodate. The needs of each user are best expressed
as the position its control valve assumes in attempting to regulate the
process using the cooling. If only a few users draw from a source of supply,
their individual valve positions can be compared, with the highest controlled
by adjusting the set point of the supply temperature, as shown in Fig. 5.19.
The figure shows both two- and three-way valves being employed, for
purposes of illustration-they are not normally combined.

Two-way valving does present a control problem: as flow past the tem-
perature sensor decreases, the dead time in its control loop increases,
destabilizing the loop. A bypass is often added to systems with two-way
valves to maintain a minimum flow through the chiller and past the tem-
perature sensor.

In situations where many similar users are drawing from a common
supply, the problem of selecting the highest ofa multitude of valve positions
may be circumvented. If all the valves are of the two-way type, flow will
vary directly with heat load, under conditions of constant supply tempera-
ture. A valve-position control system would attempt to maximize valve
positions, and therefore flow, by raising supply temperature to its highest
acceptable level. The same objective can be reached by a flow controller
setting supply temperature. As the users reduce their individual flow rates
due to a general decrease in cooling load, the flow controller will respond
by gradually raising supply temperature. In the steady state, total flow will
be restored, with the decrease in cooling load being absorbed by a tempera-
ture change, rather than the customary flow change. Like a valve-position
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Fig. 5.19. Either two-way or three-way valves are used to distribute chilled water or brine;
they are not normally mixed in the same plant.

controller, this flow controller requires integral action alone, with a time
constant of several minutes-long enough for the users ad the refrigeration
unit to respond.

There is no guarantee that controlling total flow satisfy all users-it is
actually only capable of satisfying the average user. Some measure of pro-
tection may be provided by reducing the flow set point somewhat below the
maximum attainable. This should be acceptable for most air-conditioning
systems, where cooling loads are generally evenly distributed, being affected
similarly by ambient conditions and occupancy. In cases where one or two
critical users may occasionally demand substantially more cooling than the
average, a valve-position controller can be applied to them alone, as shown
in Fig. 520. Its output could then override that of the flow controller to
insure that the selected user is satisfied. During override conditions, total
flow would fall below its set point as the other users reduce their demand
for refrigeration.

2. Three-Way Valving

Users equipped with three-way valves must be treated in a different
manner, because total flow is not affected by cooling load. In this situation
the total cooling load must be inferred from a measurement of the tempera-
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Fig. 5.20. A constant flow of cooling medium can be maintained by adjusting its tempera-
ture; high-priority users may override the flow controller.

ture T, of the returned coolant:

LQc = FcC(T,, - To) (5.24)

where F, is the flow of chilled water or brine through the supply header,
and Cis its heat capacity.
The average user will transfer an average heat flow Q,in proportion to

the difference between the coolant temperature and the user-controlled
temperature Tn

Qc = K(Tn - T() (525)

This statement assumes a constant flow of coolant past the heat-transfer
surface, which is not normally justifiable. However, the purpose of the
control system is to maintain a constant flow through the average user.

The total heat-transfer rate is simply the number of users multiplied by
the average rate, provided that all users have the same control point:

[1Qc=m,=nK(T. - T, (526)
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Combining (524) and (526) gives T as a function of the temperature differ-
ence between coolant supply and return:

T:=T:- G(T,- T (527)

with G replacing the group F_C/nK. Again, the asterisks denote set points
rather than measurements. The program appears graphically in Fig. 5.21.

The temperatures appearing in Fig. 521 were chosen to illustrate a
typical air-conditioning system whose control point is set at 8°F. Coolant
at 0°F is required to remove the full-load heat flow, causing a rise in coolant
temperatw;e of 15°F. Slope G is therefore 2.0.

Consider an air-conditioning system undergoing a change from full to
f cooling load. Controlled temperature T. begins to fall, causing more
coolant to be diverted around its heat exchanger. This will lower T,,, reduc-
ing T, - T,from 15 to 10°F to satisfy the new heat balance. Without the
program of Fig. 521, the system would then come to rest

With the program, the system responds by raising T: from 30 to 60°F.
This change is gradual, because it requires the entire refrigeration unit to
respod. A T_slowly rises, T. will tend to rise, and its temperature con-
troller will then reduce the percentage of coolant diverted. Eventually the
system will come to rest with the same diversion as at full load and with
T, at @°F rather than 0°F; T, . T, wil hold at 10°F, raising T, to
70°F. Without the program, it would have fallen to €0°F. This is bound to
have a substantial impact on the efficiency of the refrigeration unit.

The- program can be implemented as described in Fig 522. There are
two adjustments: 7- and G. If all user control points are not identical,
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Fig. 521. With a system of three-way valves, coolant temperature should be set in relation
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T: must be set to favor the lowest-otherwise the lowest-temperature user
could not be controlled at low load. The slope G should be adjusted to hold
the average position of the user valves nearly full open. In replacing the
functional group F.CfnK, the setting of G determines the ultimate value of
nK, since Foand Care essentially constant. If the number of users in service,
n does not change, then G determines the average heat-transfer capability
K of the average user, which is a function of flow through the user. Conse-
quently G determines the average valve position. If it is set too low, some
valves will be fully open, and temperature control at those points will be
sacrificed. 1fit is set too high, T.will be colder than necessary, and all valves
will be diverting excessively.

As with the system of Fig. 5.20, overrides may be added to the supply
temperature set point, based on the valve positions of high-priority users.

3. Variable-Rate AccoWitiog

While the control systems described above enhance the efficiency of
refrigeration facilities, they present a problem to those who sell energy..
Consider a central facility providing steam and chilled water to many users
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such as stores, shops, apartments, etc. Traditionally, these services are con-
trolled at specified conditions of pressure and temperature. Billing is applied
on an energy basis. There may be no explicit credit given for the return
of steam condensate, assuming that its heat content is constant. The same
could be true of chilled water if it is returned at a constant temperature.
Then billing may be based on flowrate information alone, because the
energy tran fllrred per unit flow is essentially uniform.

If the temperature ofthe return water is not constant, which is more often
the case, the energy flow must be calculated as the product of flow and
temperatur,edifference between supply and return water, following Eq. (5.24).
This is.a rate equation: Q. is expressed in heat flow, e.g, Btu's per hour.
The heat flow signal must be integrated with respect to time, yielding a
totalized quantity of energy, e.g, Btu, displayed or printed by a counter.

If chilled water is now supplied at a variable temperature to conserve
energy, then.heat-flow billing no longer reflects the true cost of refrigeration.
If billing is maintained on a heat-flow basis, the savings in refrigeration
power when 55-°F water is supplied, for example, would not be passed on
to the user. The user should be compensated for variations in supply tem-
perature, consistent with the cost of generating the cooling.

Because all refrigeration systems transfer heat by the application of work,
billing should be based on power rather than heat flow. The power required
to transfer a given flow of heat may be estimated using source and sink
tem ratures:

- W/IQc = (T. - TJ/rtTc (5.28)

where T, might be ambient or cooling-water temperature, as appropriate.
Efficiency. factor Ywould be determined by observing W and Q under a
given set of operating conditions. This expression should be an acceptable
model for mechanical and steam-jet refrigeration units, although absorption
units may require a modification to achieve a better fit.

Then power can be calculated from measured heat flow:

- W=QJT. - TJ/iT,, - W= (FC/HiT)(T. - T)(Ter- To) (529)

The billing calculation is shown implemented with analog instrumentation
in Fig. 5.23. A digital system would be more accurate but would not function
continuously, calculating power at selected time intervals of 15 min or longer.

A cost comparison of variable-rate billing against constant-rate billing
should reflect the savings attributable to- variable-temperature operation.
Using the example given in Fig. 5.21, the power requirements for cooling
can be evaluated at full, € and Tloads. The results are presented in Table
54, for a cooling-water temperature of 80°F.

D. Brine and Chilled-Water Systems
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Fig. 5.23. Refrigeration should be billed on the basis of work rather than heat.

The constant-temperature system would show a power consumption
directly proportional to the fractional heat load, as might be expected. How-
ever the variable-temperature system has a power consumption proportional
to the square of the fractional heat load, as indicated in Table 54. It is there-
fore less costly for all operating conditions except full load, with the differ-
ence increasing as the load is reduced.

If the probability of operating at any given load is the same as that of
operating at any other load, the average savings achievable with variable-
temperature control may be determined. Let the operating cost for constant-
temperature conditions be kQo. and that for variable-temperature conditions
be kQ:. Integrating the cost difference $ uniformly over the entire range

Table 54
Power Requirements for Cooling a Variable-Temperature System
Supply Return
Heatload  temperature  temperature -w/Q Power
(%) F (F) (% of max.) *)
100 50 65 100
1
67 60 70 65 g;
8 70 B R 1
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of O from Oto 100% gives

f

A$="" (kQ-kQ)dQ=k

11 «

273 6
Dividing by the integrated operating cost $ of the constant-temperature
system gives

A$= K6 _
$ k2

So if the heat load for the facility were completely random in distribution,
variable-temperature operation could be expected to save about 33% of the
energy used with constant-temperature control.

Needless to say, the savings are realized where the cooling is generated,
although they, -are brought about by user controls. Without a variable-rate
accountiqg, no incentive for savings exists.

t' 33%

il
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6

Evaporation

Much of the energy consumed by industry serves to separate and refine
products through mass-transfer operations. These operations involve
changing the composition of mixtures, principally through diffusional
rather than mechanical processes. Hence subjects like filtration and classi-
fication are not generally included under this heading.

Because the primary thrust of this book is the conservation of energy, the
most energy-intensive mass-transfer operations are selected for study. In all
these operations, the principal goal is the establishment of more-ordered
products from a less-ordered feedstock. The force customarily applied to
bring about this reduction in entropy has been heat. Since the products
themselves contain no more energy than the feed, all the heat applied to
separate them is ultimately rejected to the environment. Consequently, there
is a considerable opportunity to save energy by operating these processes
in a more efficient manner. The method used to measure the efficiency of a
separation process is an entropy analysis. Mass-transfer operations are not
traditionally evaluated in these terms, yet it will be found to cast a new light
on the subject and point the way to increased energy savings.

Evaporation has been chosen to introduce the subject of controlling
mass-transfer operations because the process is easy to describe mathe-
matically, and yet can be difficult to control. Substantial energy savings are

1R1
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possible using such techniques as vapor recompression. However they
involve thermodynamic relationships which must be understood before
controls can be effectively applied.

A. EVAPORATING SYSTEMS

Evaporation is the separation of a volatile liquid from a nonvolatile solid
by the applicll'tion of heat. It has been practiced for centuries to obtain salt
from seawater tidal pools, using solar energy. In the New England "sugar
house," maple sap is concentrated to syrup by boiling over a wood fire.

In most evaporators, the solid materials are more valuable than the
solvent that & driven off. But evaporation is also used to recover fresh water
from seawater and from industrial brines and sludges, whose solids contents
have little value.

Evaporation & distinguished from drying as being conducted in the
absence of air or other noncondensible gas. The equilibrium relationships
in drying are complicated by this additional dimension.

1. Multiple-Effect Evaporation

Using a wood fire to make maple syrup is extremely inefficient. Even if
heat losses were minimized and the fuel-air ratio carefully controlled, the
process would still be inefficient. Modern industrial practice applies multiple-
effect evaporation to concentrate sugars and syrups, wherein the energy
introduced is used more than once.

A triple-effect evaporator for concentrating a dilute brine is shown in
Fig. 6.1. If the product does not present handling problems due to a high

Steam

5 psia 2 psia

=N
Steam ¢

Fead ----1:)Ic3---I

~—
@L ¢Product
Y <

Fig. 6.1. A simple triple-effect evaporator with co-current feed.
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viscosity or suspended solids, and if it is thermally stable, large-capacity
evaporator bodies may be used. They typically contain a large bundle of
heat-transfer tubes known as a "calandria." A steam chest surrounds the
tubes, and boiling liquid circulates through them in natural convection.

Vapor removed from the first effect is condensed by boiling liquid at a
lower pressure in the second effect and so on. Less vapor is boiled than is
condensed in any given effect because the latent heat of vaporization in-
creases as pressure and temperature are reduced. In order to transfer the
requisite flow of heat, a proportional temperature gradient must exist across
each heat-transfer surface. This difference ultimately determines the pres-
sures in the various effects, and the heat economy of the unit.

Products that are not thermally sensitive, such as seawater, may be
evaporated using as many as 13 effects. Each added effect is slightly less
efficient than the last, due t increasing latent heats and heat losses, making
each increment of capital investment less attractive. Products that are
temperature sensitive, such as food products, are limited to evaporation in
two or three effects. The temperature of the last effect is limited by both the
available cooling water and the viscosity of the product, whereas temperature
at the first effect is limited by the thermal sensitivity of the solids. While
dilute solutions may be evaporated in three or four effects, final products,
leaving at 75-85% concentration, are typically processed in double-effect
evaporators.

The viscosity problem can be mitigated by changing the direction offlow.
Figure 62 shows both a countercurrent (reverse) flow evaporator and

I————-'lb

Product---¢ L Feed

Fig. 62. Product viscosity can be reduced by concentrating it in a warmer effect in reverse
How (upper) or mixed How (lower).
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another with mixed flow. Note that the effects are always numbered from
the highest to the lowest pressure.

There are a variety of other flow patterns in use. Black liquor from a pulp
mill is concentrated in six effects of reverse flow, with an intermediate
decanter for removing tallow. In some processes, two bodies will operate in
parallel on the steam side and in series on the product side. This arrangement
is seen in processing distillery wastes: effects 1 A and 1B receive steam from
the same header and discharge vapor to effect 2, yet syrup proceeds in reverse
flow from 2.tb 1B and then 1A.

Special designs are available for heat-sensitive materials to minimize the
residence time of the product at elevated temperatures. In the evaporator
shown in Fig. 6.3, heat transfer takes place through small-diameter tubing
at high velocities. The heated solution then flows into a flash chamber where
vapor and liquid are separated. Residence time is minimized by low liquid
inventory and a once-through flow pattern, ie., without circulation. These
evaporators tend to be fast to start up but are sensitive to upsets and difficult
to control.

Condenser

Steam

Feed

Product

Fig. 6.3. Many food products such as corn syrup are concentrated in once-through evap-
orators with minimum liquid inventory.

2. Material and Energy Balances

Consider an evaporator concentrating a mass flow of feed g from an
initial weight fraction of solids wy to a final of we. If the flow of final product
is F., a material balance on the solids is

Fow = Fow 61)

An overall material balance would include all ofthe vapor Némoved from
the various effects:

Fo- I Y + F. 62)
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When these two expressions are combined, they yield the flow of vapor which
must be driven off in order to reach the desired final concentration:

Lv=Fo- wm) 63)

The flow of vapor removed in the first effect is related to the steam flow to
the first effect, and its thermal efficiency E:

AH ,=E AH,

Similarly, the vapor removed from the second effect is related to first-effect
vapor rate:

VzAH, = EV;AH; = E?V,AH, (65)

The sequence can be continued to n effects, and then the individual vapor
flows summed:

EZ E")

in— AH, e B
z 07 WABe BT A, +... + AW

66)

The enthalpy AHi gained by the vapor boiling in a given effect is not
exactly equal to its latent heat of vaporization. In cocurrent flow, the solution
coming from an upstream effect will be above its boiling point due to the
reduction in pressure. However the vapor driven from each effect i super-
heated by the boiling-point elevation of the solution. From the standpoint of
an overall energy balance, these factors are not great. The product from a
co-current evaporator tends to leave at roughly the same temperature as the
feed.

Iflatent heats are used for each AH in Eq. (6.6), the vapor-steam ratio can
be readily calculated for any evaporator. Table 61 lists that ratio for evap-
orators up to eight effects, beginning with 125°F in the last effect, and
assuming a temperature difference of 3°F per effect and an efficiency of
97%.

Table 6.1

Vapor-Steam Ratios versus Number of Effects of 97% Efficiency

Effect Temperature Pressure t1H; E, Number of

i (F) (psia) (Btuw/Ib) o effects n
I 125 20 1023 0.95 1
nl 158 45 1004 185 2
n2 191 95 983 271 3
n-3 223 18 963 3.52 4
n-4 256 3B A1 4.28 5
n-5 289 57 918 498 6
n-6 322 2 893 562 7
n-1 355 143 866 621 8
n-8 388 215 837
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3. Boiling-Point Elevation

From the above discussion, it can be seen that the number ofeffects can be
increased if the temperature drop per effect is reduced, allowing a greater
steam economy. The temperature drop can be reduced to some extent by
increasing the ratio of heat-transfer area to heat flow. But even with a large
area or small, flow (as at low-load conditions) there will remain a residual
temperatur!! 4rop due to boiling-point elevation.

The elevation in boiling point caused by a nonvolatile solid in solution
follows the laws ofphysics so closely that it is used to determine the molecular
weights of solid materials. For example, the boiling point of 1 kg of water
at atmospheric pressure is elevated about 0.5°C by 1 gmol of a nonvolatile
solute. This factor is not constant but changes with temperature:

: AT, = (RT? AH. )x 67)
where fL.Tv is the boiling-point elevation, R the universal gas constant,
1987'. T tht: normal boiling point in absolute units, AH. the heat of vapor-
ization, and x the mole fraction solute. (Units may be either English or
metric.) Table 6.2 lists the boiling-point elevation for sucrose solutions at
atmospheric pressure as given in the "Cane Sugar Handbook" (1).

Because boiling-point elevation is a function of mole fraction rather than
weight fraction, solutes with lower molecular weights could be expected to
have more influence. A 50 wt% solution of sucrose (molecular weight 342)
is only 5 mo!%, while a 50 wt% solution of caustic (molecular weight 40)
is 21 mol %- Consequently, the caustic solution could be expected to exhibit
a boiling-point elevation six times as high, or about 20°F at atmospheric
pressure.

From tlie consideration of minimizing the temperature drop between
effects, boiling-point elevation becomes important only in concentrated

Table 62

Boiling-Point Elevation of Sucrose Sulutioos at Atmospheric Pressure

Boiling-point Boiling-point
Solids concentration w elevation ¢T Solids concentration w  elevation ¢ T
(Wt%) (F) (Wt%) (P
0 0 Y] 1238
B 133 L2 4] 169
50 322 ;) 2393
60 536 0 3469
) 931
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solutions. For example, a sugar solution might be evaporated from an
initial 20 wt% to a final 80 wt % in three effects. Using the material and
energy balance equations already presented, solution concentrations in the
individual effects were calculated to be 27, 41, and wt %, respectively.
Boiling-point elevation in the three effects are then 1.1, 1.8, and 12.2°F,
respectively, when corrected for temperature and heat of vaporization per
Eq. (6.7). Consequently only the last effect has a boiling-point elevation which
makes a significant contribution to the temperature difference between
effects.

The pressure in any effect ofan evaporator is determined by the tempera-
ture at which the vapor condenses. However the boiling point will be elevated
above the condensing temperature of the vapor as a function of concentra-
tion, as demonstrated. Vapor boiled from a solution is then superheated
by the boiling-point elevation. Thus in a cocurrent evaporator, the largest
boiling-point elevation appears to exist between the temperature of the last
effect and the cooling water. In a countercurrent system, the largest boiling-
point elevation will develop between the first and second effects.

4. An Entropy Analysis

A triple-effect evaporator is not really as efficient as it might appear. A
comparison of the entropy reduction in the feedstock against the entropy
gained by the surroundings will bear this out. Consider a triple-effect
sucrose evaporator concentrating feed from 20 to 80 wt %o(Fig. 64). Let the
steam conditions be represented by the first three effects in Table 5.1.

A material and energy balance on the process indicates that 3.6 1b of feed
can be concentrated per pound of steam. Assuming that the feed and product

EV;=27b
S=0
F0=3.6 bW=0.20 B=0.9 bW;=0.80
$=0.0224 Btul F S=0.0056 Btu/ "F
triple-effect
evoporotor

0=968 Bu @ 223 'F _
L1.S=-1.417 Btu/"F

0=968 Btu @ 85"F
| e S
US =+1.776 Btu/"F .

Fig. 64. An entropy analysis reveals that 21 times & much work & put into the evaporator
& is obtained from it.
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temperatures are the same, the entropy reduction achieved is related solely
to composition. At 20 wt % solids, the feed contains 0.72 Ib sucrose and
289 Ib water per , ,und of steam. When divided by the molecular weights
of sucrose (342) and water (18), the feed can be represented as consisting of
000211 mo! sucrose and 0.16 mol water for a total of 0.162 mol. The mole
fraction of sucrose is then 0.013. The entropy of the feed mixture using Eq.
(121) is 0.138 Btuj F per mole of feed, or 0.0224 Btuj’F per pound of steam.
Applying 'y 'same evaluation to the product, consisting 0f0.9 b or 00121
mol at 0.174'mole fraction sucrose, yields an entropy 0f0.462 Btuf F per
mole or 00Q56 Btuj"F per pound of steam. Since the entropy of the condensed
va, ,r'is essentially zero, there & a net decrease in entropy on the process side
of 00224 - 00056 = 00168 Btuj F per pound of steam.

Each pound of steam gives up its latent heat 0f968 Btu in the first effect.
That heal' is 1Jltimately rejected to the environment, as heat leakage and to
conde nser. water. The entropy of the steam is reduced in condensing by
98 Btu/lb divided by its absolute temperature 460 + 223°F, giving a
reduction of 1417 Btu/Ib-°F. The same amount of heat rejected to an en-
vironment t 8 F increases the entropy of the environment by 1776 Btu/°F
per pound of steam. The net increase in entropy of the heating and cooling
system is 0359 Btuf F per pound of steam, 21 times the decrease in process
entropy.

If all heat transfer surfaces were increased to minimize temperature
gradients, the boiling-point elevation would still remain. Under these
conditions, the total boiling-point elevation would be about 15 F. Then
steam at only 100°F could perform the evaporation. Even at this minimum
temperature difference, the entropy increase in the heating and cooling
system i still 0047 Btu/°F for the same quantity of feed, nearly 3 times the
entropy reduction of the process.

5. Vapor-Compression Cycles

An eva, ,rator may be driven by work as well a heat-both mechanical
and steam-jet compressors have been used in vapor-compression cycles. An
example is the single-effect mechanical compression system described in
Ref. (2). Shown schematically in Fig. 65, it is used to recover water from
industrial effluents, leaving a slurry of salts suitable for landfill.

After being preheated by the distilled water, the feed is deaerated to remove
air and carbon dioxide. It then joins the recirculated slurry flowing down-
ward through a tube bundle, where heat is absorbed by condensing steam.
Evaporation takes place at atmospheric pressure in that the system is vented
through the deaerator.

Vapor leaves the slurry superheated by the boiling-point elevation of
perhaps 4 F. The vapor i compressed to about 175 psia and 260°F, con-
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Fig. 65. Steam evaporated from the slurry & compressed and condensed against it in this
brine concentrator.

<lensing at about 222°F, to provide a 6-°F temperature difference across the
heat transfer surface. The condensed water then preheats the feed.

The method for estimating the work required by the compressor is
described in relation to heat pumps in Chapter 5 Figure 52 and Egs. (5.1)-
(55) describe a refrigerant flowing in a closed cycle. Here, steam flows in an
open cycle, but the same equations apply. The temperature difference
between source and sink in the evaporator is simply the boiling-point
elevation and the differential across the single heat-transfer surface. Conse-
quently, a much lower work-heat ratio might be expected than is common
to refrigeration systems.

In the vapor-compression cycle just described, an estimated 214 Btu of
work i required to evaporate 1l of water at 216°F. The work-heat ratio
for this process is then 0.022, which agrees exactly with the designers' estimate
of 52 kWh of electrical energy per 1000 gal. When all auxiliaries are
included-pump motors, stripping steam to the deaerator, and heat losses-
the actual power consumption comes to 72 kWh/1000 gal, or a work-heat
ratio of 0.030.

Considering that the electric power used to drive the plant is generated
from fuel at a thermodynamic conversion of perhaps 32%, the thermal
economy of the system is about 107 Btu of water distilled per Btu of fuel.
This is equivalent to more vapor than can be removed per pound of steam in
15 effects of conventional evaporation. And since the point of diminishing
returns is usually reached long before 15 effects, it would be safe to say that
the single-effect vapor-compression evaporator 5 more efficient than any
number of conventional effects. Naturally, boiling-point rise does influence
the economy-the 4-F rise in this example is lower than encountered in
most other systems.
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The net input of energy to the compressor ultimately leaves the evaporator
as a difference in sensible heat between the products and the feed. Without
another heat source or sink, the temperatures of the products will then float
on the temperature of the feed. The compressor suction is held essentially
at atmospheric pressure because the deaerator is vented. If stripping is
inadequate, noncondensible gas will interfere with heat transfer and reduce
the efficiency of the cycle. Excessive stripping will increase steam losses out
the vent, and also reduce efficiency. For best performance, stripping steam
should be manipulated to control differential vapor pressure in the deaerator,
as measured by the DVP transmitter described in Figs. 3.6 and 3.7.

In certain syrup evaporators, minimum temperatures must be maintained
to promote flow. Then additional steam may have to be injected into the
cycle to control product temperature or absolute pressure in that effect.

Steam-jet ejectors are being increasingly used in the first effect of multiple-
effect evaporators. Reference (3) describes such a system, where 150-psig
steam rather than low-pressure steam is supplied to the first effect, as shown
in Fig. 6.6. The ejector compresses some of the first-effect vapors to the
pressure of the first-effect steam chest, as was done with the mechanical
compressor. To generate 11lbofsteam at 147 psia requires0.474 Ibof 165-psia
steam compressing 0.526 Ib of first-effect vapor saturated at 180°F. A tem-
perature difference of 32 F exists across the heat-transfer surface.

0.526 b 0.444 b To
———————————— GG second

0.965 Ib effect

0474 b 1.0lb 2

165 psia 147 psia I

Fig. 6.6. The addition of a steam-jet ejector essentially adds another effect to the system.

The pressure-enthalpy diagram of Fig. 67 helps to explain what happens
in ajet compressor. When the two streams are combined, a mass and enthalpy
balance must be reached. Thus, regardless of the thermodynamic efficiency
of the compressor, the enthalpy of the mixture is determinable. If the mixing
is carried out irreversibly, there will be no compression, and the mixture will
simply be superheated to point A i the figure. This i of no advantage since
the latent heat of the mixture will not be recoverable.

Ifthe compression were completely reversible, entropy would be conserved
An entropy balance on the mixture indicates that it would then lie on the
saturation curve at point B, compressed to about 31 psia. The actual mix-

B. Product-Quality Controls 193

200~
Motive

steam /

o=

50 =

é A&P 11
a Us I71
I ok I
.C
4q
0
Ist effect
vapor —w-'
]
L U A L.-toolg '
1100 1120 1140 1160 1180 1200

Enthalpy, Btu/lb

Fig. 6.7. Simple mixing would conserve enthalpy at the lower of the two pressures (A);
reversible compression conserves both enthalpy and entropy (B); jet compression arrives at an
intermediate point (C).

ture, however, lies between the two extremes, at point C. Entropy increases
somewhat, and the mixture becomes superheated to about 243°F.

Thejet compressor adds essentially one effect to the system, as the material
balance in Fig. 6.6 indicates. Essentially double-effect evaporation is achieved
in the first effect, in that 0.965 Ib of vapor is driven off using only 0.474 Ib of
motive steam. However only 0444 1b of vapor are delivered to the second
effect. Then the second and all higher effects produce virtually the same
amount of vapor per pound of motive steam that they would have without
the compressor. In essence, the compressor is used in place of one effect of
evaporation.

In actual practice, the work economy of'this system is inferior to that ofa
simple multiple-effect evaporator. A triple-effect evaporator with a jet
compressor will remove about 4.7 Ib of vapor per pound of 165-psia steam.
A seven-effect evaporator without compression can remove 56 lb of vapor
per pound of 165-psia steam, according to Table 6.1. However temperature
limits on products, capital costs, and availability of steam must all be
considered in determining the optimum configuration for any process.

B. PRODUCT-QUALITY CONTROLS

Precise control over product quality is an integral part of any energy-
conservation program. Products that are to be sold, or eyen those simply
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being sent to another part of the same plant, must meet certain established
specifications. Failure to meet specifications generally entails some penalty-
the product must be reprocessed, diverted to some alternate and less valuable
service, or blended with higher-quality material. All of these choices are
wasteful of energy. Reprocessing also reduces production capacity and
creates operating problems in that a plant designed for a certain feedstock
cannot efficiently accommodate off-specification product as feed. When a
product mustbe diverted to a lower-grade service, much of the energy put
into its preparation is lost, because less would be required to make the
lower-grade product in a controlled situation. The loss in available work
caused by blending was presented in Chapter I, and need not be repeated
here.

In order to avoid the penalties associated with off-specification product,
most operators attempt to control with a very safe margin. The wider the
margin allowed, the less likely will there be a violation of a quality limit, in
the face of expected upsets in operating conditions. The width of the margin
used is directly related to the variability in product quality. If a variation of
+x% is commonly experienced, the operator will typically set his control
point ¥, or more above specifications.

Several debits are associated with this mode of operation. Most evap-
orators are intended to yield a concentrated product having a certain percent
solids. Exceeding specifications gives away more solids than contracted for,
and uses more energy to achieve the higher concentration. Other penalties
may also- arise, such as product degradation and fouling of heat-transfer
surfaces caused by overconcentration.

1. Sensitivity to Disturbances

The control problem can best be appreciated by evaluating the sensitivity
of product quality to variations in heat input and feed rate and composition.
The material and energy balances already derived provide all the information
necessary for this evaluation. Equation (63) may be solved for product
quality:

w. =wo/1- })';/Fo) (68)

Differentiating with respect to })';/Fo will indicate the sensitivity of product
concentration to the steam-feed ratio:

dwJd(fY]Fo) = wo/(1- })'i/Fo)* = w/wo 69)

Placing the differential in terms of concentrations facilitates comparison of
sensitivities for various operating conditions. An additional help is to convert
the denominator into a fractional steam-feed ratio, in which case the estimate
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is independent of the number of effects used:

dw. w(Ww. - W)

d([v;/Fo)/k)';/Fo) - Wo (6.10)

EXAMPLE 61 An evaporator concentrates a feed of 20% solids to
80%. Calculate the effect of a 1% change in steam How or feed rate on product
concentration:

dw. _ 08(08 - 02) _
d([Vi/Fo)( V/fFo 02

A change of 1% in either steam or feed rate can cause product concentration
to deviate +2.4% from the 80% specification.

24

The sensitivity is primarily determineo by the concentration ratio w/wy,
as seen in the example. Sensitivities in the 2-5 range are quite common, and
explain why evaporators are difficult to control. Either steam How or feed
rate is ordinarily manipulated to control quality, with the other setting
throughput. But regardless of the choice, it s imperative that the two variables
be coordinated.

Equation (68) can also be differentiated with respect to feed concentration.
While feed concentration is not used for control, it can vary substantially,
particularly when feed is supplied batchwise. It is therefore a source of upset
to the plant:

dw,/dwe = 11 - 1V;/F% = w/wy (611)

From Eq. (611), it appears that the sensitivit-y of product concentration to
feed concentration is even greater than its sensitivity to the steam-feed ratio.
A variation of 1% will cause a 4% upset in the product from the evaporator
in Example 6.1. Consequently, feed composition cannot be ignored as a
source of disturbance.

There & a difference, however, in the manner in which upsets develop. A
change in feed rate can be introduced stepwise by an operator moving a
valve or setting a How controller. The impact of this disturbance depends
on the capacity of the process side of the evaporator. The product from a
multiple-effect calandria-style evaporator may start to change concentration
very slowly, requiring perhaps halfan hour to reach a new steady state. But
an evaporator designed for minimum holdup as in Fig. 63 will respond to
the full extent of the disturbance following a delay of only 2-3 min. The
latter is therefore more sensitive to disturbances and more difficult to control.

If the feed composition could change stepwise, the dynamic response of
product quality would be essentially the same as to a change in feed rate.
However, feed is usually accumulated in a tank, where at least some mixing
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exists. Consequently even a step upset in a stream entering the feed tank will
be moderated somewhat before it reaches the evaporator. Furthermore,
variations in feed concentration may not range as widely as feed rate.

A change in steam flow must pass through all the heat-transfer surfaces
in series before its full effect on product quality will be felt. A cocurrent
low-holdup evaporator will tend to respond more rapidly to a change in
feed rate. In a countercurrent evaporator, steam is introduced at the point
where product' is withdrawn, improving its dynamic influence on quality.

Changes in 'steam flow can be caused by an operator, or by variations in
steam supply pressure. In Chapter 3, a method for compensating a steam
flowmeter for variations in supply pressure was presented. While this will
be effective against small disturbances, large upsets are also to be expected,
where pressure is insufficient to deliver the required flow. Under these
conditions, there i no recourse but to curtail feed rate accordingly-
otherw se roduct specifications may be violated.

2. Single-Loop Controls

i

The most common control configuration for evaporators consists of a
series of single loops, as shown in Fig. 6.8. Production- rate is essentially set
by steam flow-an increase will reduce the level in all effects, forcing their
level controllers to admit more feed.

Product quality responds both directly and indirectly to product flow. If
product flow is decreased, while the same rate of steam is maintained, solids
concentration in the last effect will begin to increase immediately. However
a rising level in the last effect will also begin to decrease flow from the next-
to-last effect. This action will be passed sequentially upstream by the level
controllers. s these rates decrease, concentrations in the upstream effects

s
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Fig. 6.8. The most common control system for evaporators consists of a series of single
loops.
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begin to change. Eventually, the higher concentrations in the upstream
effects reach the last effect, magnifying the original response.

The secondary responses arrive after a sign ificant delay. The triple-effect
evaporator described in Fig. 64 and Example 6.1 would have a product
flow 0f0.9 Ib per pound of steam, in the steady state. Ifthat rate were dropped
to 0.89 Ib, product concentration would rise from &0 to 80.4%, assuming no
change in concentration from the second effect. However when the flow
reduction is passed on to the second effect, it responds by concentrating its
effluent, ultimately raising product concentration to 80.59%. When the flow
reduction is passed on to the first effect, its concentration will rise, which
eventually will bring product concentration to 80.67%.

The control system comprised of single loops is particularly sensitive to
changes in steam flow. In order to change production rate, a change in
steam flow must first upset product quality, and time must be allowed for
the quality controller to then reach a new balance. During this interval,
considerable off-grade product could be generated. Losses in steam pressure
will have similar consequences.

3. Feedforward Controls

Evaporators designed for minimum liquid holdup cannot be controlled
satisfactorily with uncoordinated single loops. Variations in steam and feed
availability and feed concentration simply cause too great a loss in high-value
product. For these evaporators, feedforward controls have been developed
which coordinate changes in heat input, feed rate, and feed composition,
to minimize deviations in product quality. They are based on the familiar
material and energy balances.

For any given evaporator, the relationship between heat input and total
vapor removal is essentially constant:

ILv; =kQ 6.12)
where the proportionality k can be calculated according to Eq. (6.6) or is
available as design information.

Then, using Eq. (63), the approximate heat-to-feed ratio for any given
set of feed and product concentrations can be estimated:

Q/Fo =(1/K)1 - wo/wh) (6.13)

However F , is a mass flow rate, which is not ordinarily measurable. Instead,
either volumetric flow or orifice differential pressure are measured, both of
which are sensitive to solution density. For the volum etric meter,

Fo=F.oD (6.14)
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where F o is the measured volumetric flow and D is the density of the feed.
For an orifice meter,

Fo= koJhD (6.15)

where h s the measured differential pressure and ko is a meter factor.

The solids content of the feed is customarily measured as a function of
feed density. The density measurement can then be used for two purposes
at once. For'the case of the volumetric flowmeter,

0 = (VK)F.oD( - Wolw)] (6.16)
and for the orifice meter,
| 0= ko/RIt[,/D(l - WaWh)] (6.17)

The bracketed terms in Egs. (6.16) and (6.17) can be evaluated as functions
of density;

J.(D) =D( - wowy) (6.18)
J(D) = ,/D(l - Wown) (6.19)

In order to evaluate these functions, the relationship between feed concen-
tration and density must be known. Then a plot may be constructed of the
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Fig. 6.9. The volumetcic density function for a typical corn syrup is remarkably linear with
density.

B. Product-Quality Controls 199

appropriate density function against density. Figure 69 shows such a plot
ofJ.(D) versus D for a typical corn syrup.

These functions come out to be surprisingly linear with density-even the
orifice function, because the square-root curve does not change slope much

in the region of 1.0-1.2. Consequently, they can both be represented by a
linear model of the form

f0)=1- mp - 1} (620)
where the slope of the line, which varies with product concentration, is
adjusted by coefficient m The intercept is always at (1, ) for an aqueous
system, because, as the feed density approaches that of water, all of feed
must be evaporated.

If the heat input is to be manipulated for control, its set point is calculated

by the feedforward system in response to variations in feed rate and compo-
sition as follows:

Q* = (/K)F.o[1- mD - 1}] 621)

A similar form exists for the orifice meter. In some plants, feed rate will be
manipulated in response to variable steam flow and feed density:

F:o=kQ/[l - mD - 1)] (622)

Both of these systems are illustrated in Fig. 6.10. Note that the input from
the feed density device is already D - 1 because the zero point on its scale
would be the density of water; ie., 10.

Figure 6.10 also includes dynamic compensators g9 on the flow inputs.
They are provided to match the response of product composition resulting
from a change in feed rate to that resulting from a change in heat input. A
co-current flow evaporator of the low-holdup type responds faster to feed
rate than to steam flow. Then if steam flow is manipulated to follow feed
rate variations, a dominant lead is required. However, manipulating feed
rate in response to steam flow requires a dominant lag. A lead-lag unit is
typically provided with either system, adjusted as necessary to satisfy the
process. A countercurrent evaporator may respond faster to steam flow,
requiring a different combination oflead and lag settings.

4. Feedback from Product Quality

Feedforward calculations based on measurements of feed rate and density,
and heat input, are not likely to be more accurate than +2%. Since an error
of this order of magnitude can produce a deviation in product quality as
great as *5%, feedforward by itself is insufficient for control-feedback
must be added. This is not to admit that feedforward is not effective, however.
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Fie. 6.10. The upper system is used when manipulating heat input, and the lower when
manipulating feed flow.

Without it, the product-quality controller must provide all of the corrective
action to rebalance the evaporator following a disturbance. But with feed-
forward; only as much feedback is needed as necessary to correct for the
errorin the feedforward calculation. Ifthe feedforward calculation is accurate
to £2%, the feedback controller must only readjust its output to +2% of
the disturbance, rather than for the entire disturbance. And if feedforward
action reduces the output change of the feedback controller by a factor of
50, its input, ie, product quality deviation, will be reduced by the same
factor of 50.

Feedback is properly applied to the variable in the feedforward system
that most directly relates to product quality. In this case it ism, the slope of
the density function. Any sustained deviation in product quality will cause
the controller to readjust m correcting the heat-to-feed ratio. Furthermore,
an adjustment to the product-quality set point, which may be necessary when
different grades are manufactured, will cause the controller to automatically
recalibrate the feedforward model.

If a single grade of product is always manufactured, so that the slope of
the density function is constant, feedback might be more properly applied to

k In this way, the system would be recalibrated for variations in heat losses
and for flowmeter errors.
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The feedback controller should not be tuned tightly, to avoid promoting
oscillations. Because the feedforward system is capable of rapid correction
for disturbances, the role of the feedback controller is reduced to the appli-
cation of long-term correction.

A variety of measuring techniques is used to determine product quality.
Density is the parameter usually detected, either by a nuclear gage or
vibrating reed, with a hydrometer used for spot checking. Temperature
correction may be required in some instances.

Because boiling-point elevation can be directly related to concentration,
it has been used for quality control with mixed success through the years.
There are problems associated with obtaining an accurate measurement. The
bulb measuring the boiling point of the solution should be located at its
surface to avoid errors associated with static or velocity head. It could also
be in the vapor space, as the vapor is superheated to the boiling point of the
liquid.

The dew-point of the vapor must be measured by cooling it sufficiently
to cause condensation. This & done by locating the vapor temperature bulb
in a recess which is exposed to a spray of water. Some adjustment may be
required to achieve reproducible results.

The calibration of the instrument is also affected by absolute pressure,
which changes both T and tiH, in Eq. (6.7). Compensation may be applied
if pressure is uncontrolled. Rapid variations in pressure caused by cycling
of the pressure controller or heat-input valve can promote different dynamic
responses from the two temperature elements. Then tiT may appear to
cycle faster than composition can change. The feedback controller may
reinforce this cycle, if it is tuned too tightly.

5. Trim Systems

When low-holdup evaporators were first introduced, grave difficulties
were encountered i controlling the quality of their products. The conven-
tional uncoordinated single loops were incapable of satisfactory regulation
due to the dominance of dead time in the process. The absence ofrecirculation
deprived these evaporators of the stabilizing capacity of older models.

In an effort to restore stability, the manufacturers added trim systems,
at a cost both in capital and operating expense. A recirculation pump was
added, with additional heat supplied by steam as shown in Fig. 6.11. Product
quality responds more quickly to steam applied to the trim heater than to
steam applied to the first effect. However, for economic reasons, the range
of control over the trim heater must be severely restricted. Heat applied
there is used only once where that applied to the first effect is used twice.
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Product

Fig. 6.11. A trim heater has been added to some evaporators to facilitate product-quality
control.

Whenever variations in feed rate or density exceed a few percent, the trim
steam valve- can reach its limit of travel and control will be lost. As a result,
the trim heater proves to be not only an expensive solution to the control
problem but a less-than-satisfactory one as well.

With feedforward control applied to these evaporators, the role of the
trim heater is largely eclipsed. In fact, control with feedforward is generally
satisfactory without the trim heater, allowing it to be shut down and steam
to be saved. Nonetheless, some products are able to benefit significantly
from trim control. In these instances, the trim valve must be coordinated
with the rest of the controls to be effective. A system incorporating the trim
function is shown in Fig. 6.12.

The feedback control function is split into two components: a propor-
tional-plus-integral controller is used to adjust the feedforward system, while
the trim valve is manipulated with proportional-plus-derivative action. An
important consideration is that the trim valve be directed to follow the

Position of
main valve

Bias

Feedback ta m ('.Jl wo . To
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Fig. 6.12. The position of the trim valve is made to follow that of the main valve in the
steady state.
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feedforward inputs, as well as react to steam pressure changes. Both of
these objectives can be accomplished by biasing the trim controller with the
signal which operates the main valve as shown in Fig. 6.12. Any direction
given to the main valve will then also move the trim valve by the same
amount. Yet the trim valve is manipulated about that point to correct for
derivations in product concentration.

While Fig. 611 only describes trimming action applied to a heater, it can
also be applied to the feed. A small stream of feed can be injected into the
last effect to achieve responsive control of product concentration. This
practice is as inefficient as using a trim heater, in that this stream is only
exposed to single-effect evaporation. With the advent of feedforward control,
the trim stream is not required for most evaporators. Yet in those where some
benefit may be realized, control over the trim valve is incorporated into the
rest of the system just as described in Fig. 6.12. The bias signal is then the
position of the main feed valve rather than the steam valve. The structure of
the trim system is independent of whether steam or feed rate is manipulated
by the feedforward system.

C STEAM MANAGEMENT

The ability of evaporators to operate on low-pressure steam makes them
very economical. In many plants, there is normally an excess oflow-pressure
steam so that a supply is assured for most operating conditions. While this
situation is desirable from a production standpoint, it presupposes that
low-pressure steam is wasted much of the time. As plant engineers act to
reduce losses and find opportunities for use of low-pressure steam, the
evaporators become central to the management problem.

1. Interruptible Systems

There is very little capacity in any steam system to store energy. If the
flow of steam into a header is completely independent of header pressure,
and the flow out is as well, header pressure shows no self-regulation, and
can be expected to follow every change in load. The usual practice is to
control header pressure by letting steam down from a higher pressure. This
is not only inefficient because higher-pressure steam is more valuable but
it cannot correct a condition of excess. Suppose that, on the average, the
supply of low-pressure steam were equal to the demand. Sudden reductions
in pressure could be averted by admitting higher-pressure steam. Yet this
action would create an average surplus of low-pressure steam, requiring
venting or condensing at other times.

A better solution to the problem is to allow the header pressure to fluctuate,
thereby reducing both the admission of higher-pressure steam and venting.
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These fluctuations can seriously upset steam users, however, including
evaporators. Protection can be provided, in the way of steam flow controls.
A change in pressure affecting steam flow would be immediately countered
by the flow controller. But since the flowmeter calibration is also influenced
by pressure, suitable compensation must be applied as described in Figs.
39 and 3.10.

In many cases, even pressure-compensated flow control is not enough.
If there is a reduction in steam availability to a number of users having these
controls, all vlves will open, competing for the remaining steam. Un-
fortunately there will be times when all users cannot be satisfied. Those
without compensated flow controls will take the brunt of the upset, but even
some of those valves under flow control will be driven fully open. In an
evaporator, loss of product-quality control will ensue, requiring diversion or
blending of off-specification product.

There is a better solution to the problem. An evaporator that is not
productfon-'limited on the average can absorb fluctuations in steam supply,
with its feed tank. Figure 613 shows an evaporator whose feed-tank level
is controlled by setting steam flow. Actual heat input to the evaporator, as
determined by the pressure-compensated flowmeter, is sent to the feed-
forward system to be converted into the feed flow which will give the required

product quality. That part of the control system is shown in the lower half
of Fig. 6.10.

Fli:. 6.13. In this system, a reduction in steam supply will cause aloss in level control rather
than quality control.
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Should there be a reduction in steam availability to the point where flow
control is lost, the system will automatically reduce feed rate. The reduction
in feed will cause the level in the feed tank to rise. When steam again becomes
available, the higher level will increase steam flow above what it was before
the upset, and feed rate will again follow. There need only be enough steam
available to meet the required production rate averaged over the time
constant of the feed tank.

To maximize the capacity of the feed tank to absorb fluctuations in steam
supply, the level controller should be set at a low value: e.g, 20%. In the
steady state, tank level would then be held at 20%, with the remaining 80%
free to accept inflow beyond what the evaporator is capable of concentrating.
Should inflow increase sharply, or should insufficient steam be available,
the proportional-plus-integral action of the level controller will increase the
steam flow set point, possibly to the production limit. This limit should be
adjusted to represent the maximum capability of the evaporator to deliver
specification product. When steam supply is restored, the level controller
may then demand maximum steam flow until the level returns to the 20%
set point. This will return the system to its original capacity in preparation
for another outage.

The proportional band of the level controller should be equal to its set
point, e.g, 20%. Then a sharp reduction in level can be countered by an
equivalent reduction in heat input and feed rate; zero heat input is then
reached before the tank can be emptied.

Some newer evaporators will be equipped with steam-driven vapor
compressors. Then steam turbines driving the compressors typically exhaust
into the low-pressure steam header, which supplies conventional evaporators.
An optimum work-heat balance will be attained when header pressure is
controlled at its lowest practical value, by manipulating steam admission to
the turbines. In Chapter 3 header pressure was controlled by admitting
steam to turbogenerators, using the capacity of the electrical grid to absorb
fluctuations in demand for low-pressure steam. With a vapor-compression
evaporator, the capacity of the feed tank can be used to absorb variations in
LP steam demand, as described above. However, to maximize the efficiency
of the entire system, LP header pressure should be minimized, by control of
the position of the most-open user valve, as shown in Fig. 3.8.

2. Steam Extraction and Admission

The evaporators described thus far have been independent of the rest of
the plant except for their source of first-effect steam. In many newer instal-
lations, vapor from lower-pressure effects is extracted for other uses, such
as space heating. Additionally, exhaust steam from low-pressure turbines or
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from flashing high-pressure condensate is being used to heat the latter
effects.

This practice achieves economies and allows improved balancing of
low-pressure steam supplies, but it also complicates the evaporator-control
problem. Extraction or admission of vapor alters the system's energy
balance and requires accounting. Figure 6.14 shows flowmeters installed on
these lines to correct the heat-input signal to the first effect, in proportion to
the rate of extraction or admission.

Consider a c{uadruple-effect evaporator where some vapor from the first
effect is extracted for use elsewhere. From Table 6.1, the total vapor removed
from the evaporator would be 3.52 times the steam to the first effect, less
2.7l times the vapor extracted from the first effect. Then the extracted flow
would be multiplied by a factor of 2.71/3.52 or 0.77 before being subtracted
from the main-steam flow signal. Similarly any steam combined with the
vapors from the second effect would be multiplied by the factor 1.85/3.52
or 0.53 before being added to the main-steam flow signal. Correction for
absolute pressure is probably not warranted in that these flows are ordinarily
much lower than that of the main steam, and they have less influence over
total vaporization.

Accounting becomes more difficult if an effect floats on a low-pressure
header, which allows both extraction and admission through the same line.
This requires a bidirectional flowmeter. A bidirectional orifice meter can
be installed with reasonable expectations of accuracy, but the linearization
of its output cannot be accomplished with a conventional square-root
extractor. The differential-pressure transmitter would have a midscale output
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Fig. 6.14. The heat input to the first effect requires correction for steam extracted from or
added to later effects.
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Fig. 6.15. A special characterizer is needed to linearize the signal from a bidirectional
orifice meter.

at zero flow. Extracting the square root then requires the type of charac-
terization described in Fig. 6.15. At zero flow, the output ofthe characterizer
would also be midscale, requiring an offsetting midscale bias in the summing
device.

3.  Condenser Controls

With most evaporators, absolute pressure is controlled only at the last
effect, whose vapor enters the condenser. Ifthe vapor is free of contaminants
and can therefore be used for boiler feedwater, a surface condenser may be
used. Ifnot, a direct-contact barometric condenser is usually applied. This
allows a closer approach to cooling-water temperature in that the heat-
transfer surface is eliminated, but the condensate and the cooling water are
then mixed.

Regardless of the type of condenser used, a vacuum pump is also required
to purge the vessels of air upon startup, and to remove infiltrated air during
normal operation. Steam-jet ejectors are usually applied to this service, but
mechanical vacuum pumps are also used. In most cases, the motive power
for maintaining the vacuum is fixed, whether it is motor speed for a mechan-
ical pump or steam flow to an ejector.

Absolute pressure is sensitive to both the rate of pumping and the rate of
cooling, because both air and water vapor are drawn into the vacuum pump.
The flow of water vapor depends on its partial pressure at the temperature
of the condenser.

Consider a positive-displacement vacuum pump whose volumetric ca-
pacity is Fe. The molar flow rate of air M, and wat er Mw which it removes
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varies with absolute temperature T and pressure p

F. = (RT/p)(M. + MW) (623)

where R is the universal gas constant. The mole fraction water vapor at the
inlet to the vacuum pump is its partial pressure divided by the total pressure.
The partial pressure would be limited to the vapor pressure p”of the water
in the condenser. Then

Mw/(Ms + Mw) = P7p (624)

Combining (6.23) and (6.24) gives the absolute pressure in the condenser as

a function of pumping capacity, air infiltration, and condenser temperature
(which also- determines vapor pressure):

P=P + RTM./F. (625)

Absolute presure can be controlled by adjusting the rate ofair infiltration
into the vacuum pump, or by changing the condenser temperature with
cooling .water, If air is injected into the vacuum pump, more cooling water
will be required to maintain a particular pressure. Then the lowest consump-
tion of cooling water would be achieved when airflow is minimized. To
conserve cooling water then, its flow should be manipulated to control
pressure, without injection of air.

The next point to be considered is the optimum value of the controlled
pressure. As the pressure is reduced, the boiling point of the product falls.
The product then contains less sensible heat as it leaves the process, in
proportion to the reduction i boiling point. From another point of view,
less heat is needed to raise the feed to its boiling point as absolute pressure

is reduced. The cost of energy representing the difference in sensible heat
between feed -and product is

$q/Fo = CquT. o To) (6.26)

where c_ is the unit cost of heat, Co is the heat capacity of the feed, and To s
its temperature.

To reduce the boiling point requires an increase in cooling-water flow,
however. A heat balance on the condenser gives

Q = FcC(T. - To) (627)

where Fjand C are the mass flow and heat capacity of the cooling water
entering at temperature T..

For simplicity, let the heat flow be directly proportional to feed rate:
Q = KFo (628)
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The cost of cooling water is directly proportional to its flow:

$. = oF. (629)
When the two costs are combined, we have
) %8 c.K
— = T. - Tt O
Fo=F, " F, AL~ To)+ Ty (630)
Differentiation of total cost with respect to T. yields
(d'i$/Fo)/dT o= ¢, - K/C(T. - To® 631)
When set to zero, the optimum value of T. may be found:
(T. - TQopl =] K(C(/Cq) (632)

Here both C, and C were taken as 1.0 to simplify the results.

The essential message to be learned from (6.32) is that there exists an
optimum temperature rise in the cooling water. Rather than maintaining a
constant absolute pressure, condenser temperature rise should be controlled
with cooling water flow as shown in Fig. 6.16. The optimum setting for the
T, T controller can be calculated from an energy balance on the evaporator,
or adjusted to reach an observed minimum.
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Fig. 6.16. The combined cost of heating and cooling will be minimized when cooling-water
temperature rise i controlled at a constant value.
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In most cases, the optimum absolute pressure seems to be higher than that
maintained in a typical evaporator. Raising the pressure saves cooling water
and reduces solids entrainment by decreasing velocities in all effects. While
increasing product temperature does increase heat losses, it facilitates
pumping of viscous products.
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Chapter

]

Drying of Solids

The operation of drying as described here consists in removing moisture
from a solid material by exposure to unsaturated air or gas. This is to dis-
tinguish the process from evaporation where air is intentionally excluded.
The single exception to this definition is the vacuum dryer, where moisture
is removed by a vacuum system, with or without the application of heat.
While this operation technically fits the definition of evaporation, it is
included in this chapter because those familiar with vacuum drying will look
for it here.

The rate of evaporation of moisture from the surface, and particularly
the interior, ofa solid particle is determined by a driving force, which can be
described in a number of ways. Ifthe process is viewed as one of mass transfer,
the driving force can be related to the pressure difference between water on
or in the particle, and the partial pressure of water in the surroundings. The
process can also be treated as one of heat transfer, where the latent heat of
vaporization is transferred to the moisture in the solid from the surroundings.
The driving force for this heat transfer is then the temperature difference
between the air and the solid.

Both ofthese considerations will be found useful in analyzing the relation-
ships between the moisture contents, temperatures, and flow rates of solids
and air. A psychrometric chart is useful in becoming acquainted with these
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relationships-therefore its role is presented first. Then the batch-drying
process is examined, not for its economic importance but as an aid in under-
standing what happens in a continuous dryer.

A. ADIABATIC DRYING

A typical batch dryer is charged with wet material, through which a stream
of heated air is until the product is acceptably dry. The operation is
adiabatic ifheit is applied to the air prior to its contact with the solid, rather
than being applied to the solid itself. This distinction is important in that
the operations of heating and drying are segregated, and therefore subject to
independent analysis and control. Nonadiabatic drying is discussed at the
end of the chapter.

1. Psychrometry

Psychrometry is the science of measuring the properties of moist air.
There are se'{eral related properties, many of which bear directly on the
drying process. In order to control the process effectively, certain of these
parameters must be controlled in relation to others. Because the choice &
crucial, the significance and means of measurement of these properties must
be thoroughly understood.

Figure 7.1 s a simplified psychrometric chart for air and water at atmo-
spheric pressure. The coordinates are absolute humidity n pounds of water
per pound ofdry air, and dry-bulb temperature. Absolute humidity may also
be reported in terms of parts-per-million by weight or by volume, or grains
of moisture per cubic foot of dry air.

The contour bordering the left side of the chart is the saturation line.
Concentrations of moisture to the leff of this curve cannot exist in a single
phase-moisture will condense as dew, fog, or frost to the point of saturation.
The temperature at which condensation begins s known as the "dew point."
Each value ofabsolute humidity has a corresponding dew point at any given
pressure. A dew-point measurement may then be used as an indication of
absolute humidity, but only ifthe pressure is constant. As pressure is reduced,
absolute humidity increases for a given dew point. The dew point in itself is
significant in those processes where condensation needs to be avoided, as
in ducts, filters, etc.

The triple point of water occurs at roughly 0.01 °C. Below this point, water
vapor will condense directly to the solid phase. Therefore dew-point tempera-
tures below 0°C or R°F are really frost-point temperatures.

Relative humidity i the mole fraction of moisture in the air, divided by the
mole fraction at saturation for the same temperature and pressure. Another
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Fig. 7.1. The psychrometric chart is a road map for the drying process.

way to report relative humidity is the partial pressure of water in the air
divided by its vapor pressure at a given temperature:

%R.H.= 100(pw/Pw° (7.1)
At saturation, the partial pressure and vapor pressures are equal, and the
relative humidity is therefore 100%.

Relative humidity is most easily measured by the dimensional changes of
such fibrous materials as hair, wood, or paper, in equilibrium with the air.
It is the most important parameter to be controlled where this type of material
is stored or used. For example, instrument charts and graph paper must be
stored and printed in an atmosphere of controlled R. H., to maintain dimen-

sional integrity. The moisture content of solid materials # equilibrium with
air is related directly to its relative humidity.
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Equilibrium prevails in long-term storage, but not in an actual drying
operation. The atmosphere in a dryer departs substantially from equilibrium
with the solids it surrounds, to create a driving force for drying. Consequently
the factors affecting drying are distinctly different from those in an equilib-
rium situation, and different measurements are needed.

From a heat-transfer point of view, the rate of evaporation of moisture
from a solid is directly proportional to the temperature difference between
air and solid: Jhe temperature of the air i its dry-bulb temperature. The
temperature f the solid more closely approaches the wet-bulb temperature
of the air, in that a wet bulb is in fact a wet solid from which moisture is being
evaporated adiabatically.

Therefore wet-bulb temperature is a most significant factor influencing
rate of drying. At ambient conditions, it is readily measured as the tempera-
ture of a surface from which an excess of moisture & evaporating into a large
air space. It is most difficult to measure in hot air streams and within dryers,
because conditions are created to promote rapid evaporation. The bulb
surface. is then easily contaminated with suspended, dissolved, and air-borne
solids. '

Nonetheless, it is possible to determine wet-bulb temperature, knowing
dry-bulb temperature and absolute humidity, either from a psychrometric
chart, or by trial-and-error calculation. The following procedure has been
found to converge rapidly:

(1) Estimate wet-bulb temperature Twe

(2) Calculate the absolute humidity at saturation (w.) at the estimated
wet-bulb temperature, using the known dry-bulb temperature T and
humidity w.:

w,=w, + (T - Twc)4100 (7.2)
(3) Calculate the mole fraction of water vapor y, corresponding to w.:
Y= U1 + 0.62/w.) (73)

@) Calculate the partial pressure P, corresponding to mole fraction Y. by
multiplying by total pressure p:

P. =YP (74)

(5) Using steam tables, read the temperature of saturation Tw corre-

sponding to pressure py. If Twis not in agreement with Twg substitute Ty,
for Twe and repeat.

EXAMPLE 71 Calculate the wet-bulb temperature for air at 1200°F,
having an absolute humidity of 0.025 Ib water/Ib dry air.
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Estimate Twe= 150°F :

w. =0.025 + (1200 - 150)/4100 = 0.281
Ys = 1/(1 + 0.62/0.281) = 0.312

Ps = 0.312(14.7) = 459 psia
T,=130"F

w

Second trial:

w. = 0025 + (1200 - 130)/4100 = 0.286
v = 141 + 0.62/0.286) = 0316

P, =0316 x 147 = 465 psia

Tw= B1°F

Wet-bulb temperature varies much more with dry-bulb temperature and
humidity at low values than at high values. This trend can be seen in the
shape of the saturation curve. At saturation, wet-bulb temperature, dry-bulb
temperature, and dew point coincide.

Lines of constant wet-bulb temperature are also lines of essentially
constant enthalpy. This & consistent with wet-bulb temperature being
described as adiabatic evaporation temperature. Air to be used in drying is
first heated, which increases both its dry-bulb and wet-bulb temperatures at
constant humidity, as shown in Fig. 7.1. Then as it contacts wet solids in an
adiabatic dryer, its dry-bulb temperature falls, and its moisture content
increases. If the temperature of the solids remains constant, the enthalpy of
the air will also remain constant. It gives up sensible heat in return for latent
heat of the water which joins it. Therefore the path which the air follows in
proceeding through a dryer is along a line of constant enthalpy, which is also
a line of constant wet-bulb temperature. Then the wet-bulb temperature of
the air is uniform throughout the dryer. As a result, the temperature of the
solid also tends to remain constant throughout the dryer.

In closing this discussion on psychrometry, it should be noted that the
relationships are essentially those between water and an ideal gas. If the
atmosphere were one of carbon dioxide, or hydrogen, or some other per-
manent gas, the same psychrometric chart could be used, amended for the
molecular weight of the gas. Variations in atmospheric pressure can be
treated in a similar manner. A reduction in pressure amounts to a reduction
in the partial pressure of air, since that of water is determined by its vapor
pressure at the given temperature.

2. Rate of Drying

Many factors affect the rate of drying. Air velocity, particle size, moisture
content, and dry-bulb-wet-bulb temperature difference all contribute, along
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with the physical features of the dryer itself. At this point, the characteristics
of the product need to be examined.

When a solid particle has absorbed all the moisture it can contain, its
surface will appear wet Upon placement in a drying environment, the
surface moisture will begin to evaporate. If the dry- and wet-bulb tempera-
tures of that environment are held constant, the rate of evaporation from
the particle will remain constant, until dry areas appear on the surface.
Because evaporation takes place entirely on the surface in this regime, its
rate does not-vary with the total moisture content of the particle. This regime
& called constant-rate drying, as noted in Fig. 7.2.

With the first appearance of dry areas, the rate of drying begins to decrease.
When the entire surface is dry, the rate is further retarded, as all moisture
must diffuse from within. The rate continues to fall, eventually approaching
zero, when the solid approaches equilibrium with its environment at a final
moisture content we.

Figure 72 represents the rate-of-drying curve for an idealized particle.
Most curves are rounded, and some display an inflection point in the falling-
rate regime. Nonetheless, for most, there is a distinct and reproducible
relationship between rate of drying and moisture content in the falling-rate
regime.

The location of the critical point, at the transition between regimes, can
vary with particle size. For example, the "Chemical Engineer's Handbook"
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Fig. 7.2. At the critical moisture content w., dry areas begin to appear on the surface or a
particle, and the rate of drying begins to fall.
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(D gives the critical moisture of sand as F% for 50-150 mesh particles, 1%
for 200-325 mesh, and 21% for smaller than 325 mesh. The pore structure
ofthe sand is not likely to differ except for extremely small particles. However
the amount of surface moisture which can be retained per pound of sand is
higher for smaller particles, and the rate of drying is higher due to the larger
surface area available. The increase in both surface area and critical moisture
content leads to the conclusion that all particles approach the same falling-
rate curve, regardless of size. The various curves would form an envelope as
shown in Fig. 7.3. This relationship becomes important in establishing the

performance of control systems encountering feedstocks having considerable
variation in particle size.

Smallest particles

ccenl &

tne coeff
=
=y

Largest particles

Moisture content w

Fig, 7.3. Particle size seems to affect the critical moisture content without altering the slope
of the falling-rate curve.

3. Batch Drying

The progress of a batch of solids exposed to air at constant conditions
gives some insight into what is required for control. Consider the batch dryer
shown in Fig. 74. A bed of wet solids is inserted into the dryer, and airflow
is begun at a constant inlet temperature. A record of air temperature leaving
is needed to inform the operator of progress, because he cannot sample the
product without first opening the dryer.

The initial temperature of the solids may be below the wet-bulb tempera-
ture of the air. Then some sensible heat will be absorbed in raising the bed t
the wet-bulb temperature. This will appear as a slight increase in air outlet
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t

Steam

! ..-Air

Fig. 74. A bed of material & inserted into the dryer, and hot air is blown through it until
the correct moisture content is reached.

temperature, after which a steady state is reached as shown in Fig. 7.5. During
this observed steady state, the rate of drying is constant. A heat balance will
bear this out. The temperature of the air i reduced proportionally to the
evaporation of moisture:

GC(Ti - T, = Fwilv (7.5)

where G i the mass flow ofair, C the heat capacity ofair, T; the inlet dry-bulb
temperature, Tothe outlet dry-bulb temperature, Fw the mass rate of evap-
oration, and H. the latent heat of vaporization.

The actual value of T,will lie somewhat above the wet-bulb temperature
of the air. Because the solids temperature tends to approach Tw T, must
exceed Tw to maintain a driving force for evaporation.

Let the rate of evaporation dFw from a given particle be proportional to
rate coefficient R, surface area dA, mass transfer coefficient g and tempera-
ture elevation above the wet-bulb:

dF,, =aRdA(T-T)) (76)
As the air passes the particle, its temperature falls:
GCdT = -dFyHy (77)
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Fig. 7.5. Outlet-air temperature will vary between the wet-bulb and dry-bulb temperatures
of the inlet air.

Combining these two expressfons gives

ac  dT_
aRH.T- T,
which, when integrated across the bed, yields

GC - T,

A= —a'erl_L I (:,li,—‘——,o 7 TW) (78)
This allows the unknown factors of 4 R and A to be determined from an
observation of temperatures.

Eventually the falling-rate regime is entered, signaled by an increasing
outlet-air temperature. But as the rate decreases, as indicated by a falling
T, - T, the driving force increases, as indicated by a rising T,. T,,. If the
falling-rate curve can be approximated as a straight line passing through the
origin, then R in Eq. (7.8) can be replaced with kw; having a maximum value
of kw,:

R=kws$ kw, (79)

Then the relationship between moisture content and temperature can be
drawn by substituting (7.9) into (7.8):

Wz'a{l(élv (’TT———— ?j (7.10)

Equation (7.10) can be evaluated during constant-rate d, ying, in which case
w becomes we, and T, becomes T,.- If w, and Tw are known, then the
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constants can be determined in lumped form:

akAH « T,- T, )
= = A ST, 11
G we= Kwe In( T - T, (711)

Then Eq. (711} can be solved for the value of T at which the desired product
moisture w* is attained:

T = Tw + e-kwe(ri- Tw) (712)

The procedre may be carried one step further by eliminating Tw in favor
of we. Then Z is found as

. kwe) (1 -kwe)
V=T (r—pw. + Ti 1 = gkwe (713)

Ifw,and K can be considered constants, Eq. (713} may be reduced to the.
form -

T! = K*T + (1 - K*)Ti (713a)

where K* is' a calibration adjustment sensitlve to the desired product
composition w*, but insensitive to wet-bulb temperature.

4. Controls fof Batch Drye£S

Equation (7.13a) can be implemented by a control system to terminate
drying automatically when the product has reached its terminal moisture
content:The system must memorize Ty, during a steady-state portion of
constant-rate drying, for use in calculating 77 during falling-rate drying
Figure 76 illustrates how this is done.

The dryer is allowed to come t a steady state following startup. At the
end of a prescribed time, the timer closes the solenoid valve, locking the

Start-stop Outlet Inlet
controls temperature temperature

=" =] T

To.

stop commond
dryer 1

T

To,_

T—wFoe- 1Kt 4K* fe---

To steam
valve

Timer

Fig. 7.6. The temperature corresponding to the desired product moisture is calculated n
reference to the outlet temperature observed during constant-rate drying.

A. Adiabatic Drying 221

signal representing T . into the input of the pneumatic summing device. If
the gain K* of'the summer has been properly set, the end-point temperature
7. will then be calculated from Tw and T;. When the measured temperature
T, reaches 77, the differential pressure switch .6PS will trip, terminating
drying.

If K* is set too low, 72" will be too high, approaching T;, and the product
will become too dry. If K* is set too high, drying will be terminated while the
product is still wet; drying must then be resumed, but without resetting the
timer. Note that K* will fall between zero where TY = T,, and one where
T! = Too

By basing T on the observed value of T, the system becomes completely
independent of variations in air quality, as long as it does not change during
the course ofa batch. It is also relatively, but not completely, insensitive to the
lumped constant K as illustrated below.

EXAMPLE 72 Consider drying a batch of material having w, = 0.10
to an end-point w* = 0.02. Let inlet-air temperatures be 200°F dry-bulb and
%B°F wet-bulb. Outlet-air temperature during constant-rate drying is 104°F.
From Eq. (7.11),

_ - 93) _
K= _().11_(}“(2_%2—- 3 - 2275
From Eq. (7.13),

1_ e-22.15s10.02]
K* = 1- e-22.1s(0.101 — 0407

and, from Eq. (7.13a),
Tt = 0407(104) + (1 - 0407)(200) = 1609°F

Let the next batch of material have only half as much surface area A. This

will reduce K to halfits original value. From Eq. (7.12), T . for the next batch
is

Toe = B +exp[ -22.75(0.10)/2](200 - 93) = 1273°F
Based on this value of Tec and the original K* T: is

7 = 0407(1273) + (1 - 0407)(200) = 1704°F
Using Eq. (7.10), the value of wreached at this temperature is

w__2_ 20- B =
=7 (s X8
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Uthe original set point of 1609 F had been retained for this batch, w would
be

2 200-93)

Settings of K* can be catalogued for the various products which must be
dried in a givl'n unit. Reproducibility between batches using these controls
is found to be:quite acceptable, virtually eliminating any need to reprocess
material, or even to interrupt drying to sample the product.

B. CONTINUOUS ADIABATIC DRYERS

Batch drying is restricted to low-volume processes such as in preparing
pharmaceuticajs, speciality foods, and in pilot-plant operations. But the
insight gained in investigating batch drying facilitates the understanding of
the continuous drying process.

There are two principal types of continuous adiabatic dryers-the fluid-
bed, and the longitudinal dryer. The fluid-bed unit is featured by intense
backmixing, such that the moisture content of the product is quite uniform
throughout the dryer. In this respect, it  similar to the batch dryer whose
product moisture is also uniform with respect to space, but varies with time.

The longitudinal dryer, on the other hand, having little or no backmixing,
exhibits a gradient in moisture from inlet to outlet, in both the solid and
gaseous- phase. As a result, it is much more difficult to model than the batch
and fluid-bed dryer. But being more common than they, its characteristics
need to be evaluated as a basis for effective control.

1.  Fluid-Bed Dryers

A single-stage fluid-bed dryer appears in Fig. 7.7. A finely perforated
bottom plate allows air to pass through, while retaining the suspended solids.
Airflow s maintained at a rate that will fluidize the bed, but with a minimum
of solids carryover into the exhaust. Differential pressure across the bed is
an indication of its fluidization, and is therefore used to control air flow.

Wet feed enters on one side, and is thoroughly mixed with the contents.
Dry product overflows through a port on the opposite side. The average
moisture content of the bed is essentially that of the product leaving.

If the product leaves with more than the critical moisture, the dryer has
no self-regulation. During constant-rate drying, air outlet temperature is as
described in Eq. (7.11), related to the critical moisture content rather than
the actual moisture content. Then w can vary with feed rate or feed moisture,
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Fig. 7.7. A fluid-bed dryer & characterized by intense mixing, so that its contents are
virtually uniform.

without having an effect on outlet-air temperature. In this case, the control
system shown i Fig. 7.7 would not be able to regulate product moisture.

Normally, the product will leave with less than critical moisture, such that
falling-rate drying dominates. Then, product moisture content w varies with
air temperature T, as described by Eq. (7.10). The control system shown in
Fig. 77 will then provide partial regulation over product moisture. Increasing
feed rate or moisture content will tend to raise w, which will increase the
rate of vaporization, causing T, to fall. Its temperature controller will react
by increasing T; enough to return T, to its original value. The increased heat
input will raise the rate of evaporation above what it was, but not enough to
completely satisfy the increased load.

The deficiency in this control system can be explained by Eq. (7.10). At the
higher evaporative load, T, and Tw are both increased. If T, remains con-
stant, then w must increase to satisfy Eq. (7.10). In order to hold w constant
at w* T, must be controlled in relation to T; and Tw, as described by Eq.
(712). The difficulty in implementing Eq. (7.12), as a means to establish the
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set point for the outlet-air temperature controller, is the inability to measure
wet-bulb temperature in the drying atmosphere.

Wet-bulb temperature can be estimated from dry-bulb temperature, and
humidity or dew point. Figure 78 outlines the relationship over the range
encountered in most fluid-bed dryers using indirect heat. (Another set of
data, for direct-fired dryers, is given in Table 7.2.) Values of Twmay be taken
from each curve in Fig. 7.8 and entered into Eq. (7.12) to produce a set of
solutions for T:, with e-Kw* as a parameter. A set of solutions is given in
Fig. 79. '

The curves themselves are quite complex and do not yield readily to
mathematical modeling. Nonlinear characterization is possible for any given
dew point, and this is generally sufficient, especially at the higher tempera-
tures. There is less variation in Tw with temperature and humidity as
temperature increases. Above 300°F, ambient humidity has almost no effect
on the drying process. Actually the curves representing dew points of O and
80°F are -extreme conditions, not often encountered in temperate zones.

There are two ways to control a fluid-bed dryer-either heat input or
feed rate can be manipulated to regulate product moisture. If inlet tempera-
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Fig. 7.8. Wet-bulb temperature can be estimated from dry-bulb and dew-point temperatures.
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Fig. 7.9. Each of these cur;cs iS a contour of constant product moisture for a given inlet-air
dew point.

ture is held constant, then, for a given ambient humidity, T.. will be constant
and therefore T, should also remain constant. Then a controller can hold
T, constant by manipulating feed rate. Variations in feed moisture which
affect product moisture will affect T, and be countered by the controller
acting on feed rate. If product moisture drifts due to changes in particle size,
ambient humidity, etc., the operator need make only a minor adjustment in
set point T:.

Actually, feed rate is not often manipulated for moisture control. Because
wet solids are difficult to convey, interruptions in flow are common. When a
loss of feed occurs in a controlled situation, heat input must be reduced
immediately to avoid overdrying the product. Furthermore, the only way
production rate can be changed is by adjusting inlet-air temperature, which
will require a corresponding change in T:.

2. Inferential Moisture Controls

When heat input is manipulated, the outlet-air temperature must be
adjusted as a function of Ti and T,,. Figure 7.10 shows a control system
designed to approximate the curves given in Fig. 7.9. The curves are modeled
as straight lines:
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Fig. Lio. 'Outlet-air temperature & set in a linear relationship with inlet-air temperature,
biased by a function of ambient dew point, if necessary.
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Bias b may be adjusted for variations in ambient dew point:

b=bg+ f(Ta) (7.15)

where bgrepresents the bias at zero dew point.

The bias correction f(T,) will vary with both T; and e-Kwe. But since the
correction is already small, adjusting it with these parameters seems super-
fluous. Figure 7.11 gives the functional relationship between b and Ty for
an inlet-air temperature of 200°F and eKwe = 02. At higher temperatures,
the correction will be smaller, and above 350°F it is not really needed at all.

To calibrate the system, e-Kwe must first be determined from plant design
conditions, or observed values of T, T;-and Tw

eKwe = (Tp- TWV(T;- Tw (7.16)

Then using tabular or calculated values of Tw at a nominal dew point (S0°F
is common), a curve similar to those in Fig. 79 may be plotted, following
Eq. (7.12). Next, the best straight line is drawn through that curve, from
which the intercept b and slope m may be determined. In operation, slope
m should be adjusted to attain the required product moisture-increasing
m will reduce moisture.

EXAMPLE 73 Consider a fluid-bed dryer having inlet air at 200°F
dry-bulb and SS"F dew-point temperatures, and outlet air at a temperature
of 130°F. Calculate mand b for the control system; anticipating that dew-
point correction will be provided, calculate by
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Fig. 7.11. This bias correction is only required for dryers having inlet-air temperatures below
350'F.

From Fig. 7.8, Twis R"F. Then from Eq. (7.16),
e-Kwe=(130 - 92)/(200 - 92) = 0.352

If the dryer is operated with T; = 150°F, from Fig. 7.8, Tw is 82°F. Then
T: is, from Eq. (7.12),

T: =8 + 0352(150 - 8) = 106'F
Next mis found between these two points:
m= AT:/AT; = (130 - 106)/(200 - 150) = 048
Then b may be found from the given point:
b=T:- mli = 130 - 0.48(200) = 34'F

Figure 7.11 indicates that the bias correction applied to a 50-"F dew point
is 48 F. Then

bo=b- f(Ty)=34- 48 =292°F

Observe in Fig. 7.10 that increasing T; causes an increase in T:, whose
controller will respond by further increasing Tf. This is a positive feedback
loop, which is capable of destabilizing the process. If slope m is properly
adjusted, measured outlet temperature Towill respond more than T! to a
change in Ti. If mis too great, however, T: could change farther than T,
can respond, causing the control system to diverge away from the steady
state to either a high or low limit.
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If T, does not also respond faster than T! to a change in T), cycling w1!l
tend to develop. To prevent this type of instability, a ﬁrstford_er lag f(t) is
introduced i the T, signal path, as shown in Fig. 7.10. If its time constant
is set too long, T! will change too slowly with heat load, and product moisture
will drift following load changes. Its setting should be reduced to the point
where the first indication of cycling is observed. The dynamic contribution
of this positive feedback loop to stability is essentially the same as the
integral control,mode (2). Therefore, the time constant of the first-order lag
can be safely set'near the integral time of the outlet-air temperature controller.

If drying is conducted in two stages, the product from the first stage is
likely to have'more than the critical moisture. Then the first-stage dryer is
operating i the constant-rate regime, allowing its ouﬂet—air temperature 10
act as a reference for the second stage. The procedure is the same as used to
control the batch dryer, but the controls operate continuously. Figure 712
shows the control system implementing Eq. (7.13a), which was derived for
batch drying. Note that both stages use the same heat source, so that tllgrg is
a single.value of Ti- This control system i insensitive t amb1th hurm_dlty,
and, like.the Batch-dryer system, compensates partially for variations n K
as well.

Fig. 7.12. The first stage of fluid-bed drying can act & a reference to control the second stage.

I
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3. Longitudinal Dryers

There are many types of longitudinal dryers. The term is used here to
identify those adiabatic dryers wherein product moisture varies from inlet
to outlet. Then the rate of drying varies with position in the dryer, as a
function of both air temperature and solids moisture.

It is possible to model these dryers mathematically, but obtaining a
solution requires an iterative procedure. Differential elements of area must
be integrated with respect to temperature, as in Eq. (7.8), and also with
respect to moisture. The results of both must then equate to satisfy mass
and energy balances.

An additional complication is that constant-rate and falling-rate wnes
may both be encountered, and their transition point tends to move with
feed moisture. Most longitudinal dryers are fed cocurrently, allowing high
inlet-air temperatures to be used, even with heat-sensitive products, because
their temperature is limited to that of the wet-bulb. Heavy chemicals, cement,
carbon black, and other products which are thermally stable and require a
very low moisture content, are dried countercurrently.

There is a wide variety of dryer designs. Rotary dryers gradually convey
the product from one end to the other by a slow rotating motion. Air-lift
dryers convey fine or fibrous solids from the inlet to a cyclone separator at
the outlet, where they are separated from the air stream. Pneumatic convey-
ence is also provided in some types of rotary dryers. In a rotating tray dryer,
solids spill stagewise from top to bottom against an upward stream of moving
air.
While not usually classified as longitudinal, the spray dryer is nonetheless
characterized by similar properties. The fine slurry of feed material is sprayed
counter to a moving stream of air so that it reaches the bottom in a dried
condition.

Tunnel dryers are more complicated and present more control problems.
They are typically divided into a number of zones through which the product
is conveyed on a moving belt. Each zone may have independent control
over inlet-air temperature, flow, and humidity. The first zones may be
constant-rate zones. Belt speed, belt loading, and feed moisture are all
variable. Inlet temperature profiles are often programmed to develop certain
product surface properties, or to minimize hardening due to drying too
rapidly. With all of these variations, it is difficult to recommend a general
control approach for these dryers.

While the characteristics of longitudinal dryers differ substantially from
those of the fluid-bed design, the same inferential moisture controls can be
used for most. The principal distinction is that longitudinal dryers show a
greater sensitivity of product moisture to temperature and to feed-moisture
variations. A simplified model which seems to fit well replaces the exponential
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factor in Eq. (7.12) with a function of feed moisture w;, if w; <we:
T: = Tw+ K/w,)(Ti- T (717)

For a given dryer, K can be determined by inserting the design conditions
for the other variables into Eq. (7.17).

Feed moisture is not usually measurable, but it can be estimated from a
heat balance. The rate of heat transfer from sensible to latent heat is

Q=FH(w,- W= GC(T; - To (718)
where F is the mass flow of dry solids into the dryer. Solving for w; yields
W = W* + (GC/FH,)(T; - To (719)

When (7.19) is substituted into (7.17), a quadratic in Toresults:
JTo= T +Kr(T, - Tu)/[W* + (GC/FH)(T; - Ty  (720)

This relationsllip may be solved for selected values of Ti, Tw and Fto yield
the required outlet-air temperature program to hold product moisture at we.
Table 71 lists values of T, corresponding to several sets of operating condi-
tions for a typical dryer.

An examination of the figures in Table 71 indicates that AT:/AT, for
constant feed rate differs from that for constant feed moisture. Between the
inlet-air temperatures of 356 and 302°F at 100% flow,

ATt\ _ 1490 - 1405
ﬂ.Ti F 35 - 302

= 0157

Table 7.1

Outlet Temperature Required to Maintain Product
Moisture at 13%

TA{F  TulF)  wi% F%) T:(F

356 114 36.0 100 149.0
25 80 1436
534 60 137.7
302 108 309 100 1405
36.1 & 1359
448 60 130.5
248 100 30.0 & 1258
36.5 60 121.1
49.8 40 1155
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Yet between the same temperatures at 36% feed moisture,

AT:1 _ 1490 1359
AT, w 3%

The higher slope is characteristic of fluid-bed dryers which are insensitive
to feed moisture, while the lower is characteristic of longitudinal dryers
operated at constant feed rate. This explains the field recalibration required
for the spray dryer in Ref. (2).

The inferential control system for longitudinal dryers has inputs from
temperature and feed rate:

= 0243

T: =b+ mTITi + mFF (721)
For the dryer described in Table 7.1, my is 0157 and my is 0283"E /%.

4. Direct Firing

The high temperatures used in many dryers are achieved by the direct
combustion of fuel, rather than by heat exchange with steam. Inlet-air
temperature i controlled by manipulating the flow of fuel burned, with a
constant flow of air.

The only complication this practice brings to the drying operation & the
moisture added to the air as a result of combustion. Methane, the principal
constituent of natural gas, forms 2 mo! of water vapor for each mole burned.
This amounts to about 094 b of water per 10000 Btu of heat. Assuming
that the average heat capacity ofthe products of combustion & 0.24 Btu/Ib-°F,
each 1000 °F increase in temperature adds 00225 Ib of water vapor per
pound of air. Depending on the resulting air temperature, this could be more
moisture than the air originally contained.

Fuel oil contains less hydrogen than natural gas does, resulting in a lower
moisture increase-typically 001 b per pound of dry air per 1000 F increase
in temperature.

Knowing the moisture content of the combustion products for any inlet-
air temperature allows an accurate prediction of the corresponding wet-bulb
temperature, using the procedure given in Egs. (7.2)-(7.4). Table 72 lists
wet-bulb temperatures corresponding to given dry-bulb temperatures
resulting from the combustion of methane with air having a dew point of
50°F. At the higher temperatures, ambient humidity has essentially no effect
on wet-bulb temperature. Furthermore, wet-bulb temperature becomes less
sensitive to moisture resulting from combustion. For example, at 1000°F
the wet-bulb temperature resulting from the combustion of fuel oil is only
15°F below that resulting from the combustion ofgas. At higher temperatures
the difference is still smaller.
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Table 72

Wet-Bulb Temperatures for the Combustion of Methane in Air
Having a 50° F Dew Point

Dry-bulb Wet-bulb Dry-bulb Wet-bulb
temperature temperature temperature temperature
T.(F) Tw{'F) T:(F) Tw(F)
40 125 1200 159
600 134 1400 164
800 146 1600 168
1000 153 1800 m

Because wet-bulb temperature changes so little at high inlet temperatures,
the contours of constant dryness shown in Fig. 7.9 are straight lines above
350°F. This makes the linear control system more accurate, as well as
eliminatfog the complication of correcting for humidity variations.

One problem frequently encountered in direct-combustion systems is an
inability -to obtain a representative measurement of inlet-air temperature.
Radiation effects can cause serious measurement errors, which change with
sensor position and flame pattern. In these situations, a linear fuel-flow
measurement has been substituted directly for inlet temperature in the
inferential system of Fig. 7.10. This substitution assumes that airflow and
ambient temperature are constant. Although they are not, the effects of their
variation-on the dryer model are not great. In any event, fuel flow is the best
estimate of evaporative load, in the absence of an accurate inlet temperature
measurement.

5. Feedforward Systems

Feedforward control is often added when there is a probability of rapid
changes in feed rate. Loss of feed can create a fire hazard when air above
350°F is used to dry combustible materials such as wood fiber and grain.

Loss of feed s quite probable in dryers, due to the difficulty in conveying
wet solids. In plants where other mechanical conveying equipment such as
grinders, refiners, etc., connect directly at either end of the dryer, that prob-
ability is increased.

The feedforward input should be the mass flow of water into the dryer-
this determines the difference between inlet- and outlet-air temperatures in
the steady state. A steady-state heat balance on the dryer gives the following
relationship:

GC(T;- To= FH.(w, - W) (7.18)
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The set point for inlet-air temperature can then be estimated if feed rate and
moisture are known:

Tf=7r’+ (FH/GC)(wc - wW¥ (722)

However T: i already a function of T;, according to Eq. (7.14). Combining
this function with (7.22) gives

_b_ N FH.(wr - W*)

Poiim™ & - m

(7.23)
Since feed moisture is not generally measured, and since all other terms
except feed rate are constant, (7.20) can be simplified to

Tf= Tf+ KFF (724)

Factors T0 and KF can be estimated from a single set of stated operating
conditions.

EXAMPLE 74 For the dryer described in Example 7.3, estimate values

of Tfo and KF, assuming that the conditions given were at 100% feed rate.
From Eq. (7.23),

Tfo=h( - m= 341 - 048) = &'F
From Eq. (7.24),
KF = (Tt - Tfo)/F = (200 - 65)100% = 1.35°F/%

It & entirely likely that the intercept Tto calculated above may be too low
to allow prompt response of the dryer when feed is restored. But it cannot
be elevated without a corresponding change in Ky, which would produce
an incorrect reaction to a feed-rate change. Instead of elevating the intercept,
a low limit should be placed on Tf, as required to allow rapid startup.

The inlet-air temperature controller should be protected against integral-
mode saturation upon loss in feed, as described in Ref. (3).

6. Feedback from Product Quality

The inferential moisture-control systems described have a limited accu-
racy. They are based on assumptions of uniform particle size and drying
curves, and a linear process model. Fluid-bed dryers, particularly of the
two-stage variety, are likely to be controlled more consistently witll, these
systems than longitudinal dryers, owing to their lower sensitivity to tem-
perature and feed-moisture variations. Yet in every case, the inferential
system will produce more consistent regulation over moisture than tem-
perature control alone (2).
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On-line calibration is required for most dryers, using the analysis of
periodic samples of product as a guide. Some variation will be experienred
in analysis of product samples, both due to analyzer inaccuracy, and sampling
inconsistencies. These factors should be considered when weighing results.

Nonuniformity of particle size and moisture content are problems af-
fecting both analysis and control. Large lumps of solids are difficult to dry,
and only their outside surface may have a significant impact on temperatures.
If these lumps re pulverized and subject to analysis, the average moisture
content may bave no bearing on conditions in the dryer. In situations like
this, size reduction and classification should be provided to allow uniform
drying and reproducible control.

If a reliable on-line analyzer is available, product moisture can be con-
trolled with it However the moisture controller should not manipulate
either heat input or feed rate directly. The dead time in response of compo-
sition to these -two variables is too long for the loop to be dynamically
responsive. -Instead, the moisture controller ought to adjust slope m of the
inferential system described by Eq. (7.14). Temperatures respond much
faster to- upsets in feed rate, feed moisture, and air conditions than can
product moisture. The inferential system can then correct for these upsets
rapidly, if with limited accuracy. The moisture controller can then correct
for long-term errors, based on product analyses.

C. MINIMIZING ENERGY USAGE

Most dryers are operated in such a way that their product is nearly always
overdried. The purpose is to avoid violating specifications on the product,
in the face of disturbances, and in the absence of on-line analysis. Therefore,
the first goal of any dryer-control system should be to provide consistent
regulation, which will allow a reduction of this operating margin.

Once having established quality control, attention can then be turned to
energy-conserving techniques associated with airflow manipulation and
heat recovery. Using sources of waste heat for drying is another important
consideration, which requires effective control, to be acceptable to operating
personnel. These subjects are considered in order of importance.

I. The Cost of Overdrying
There are several cost factors associated with overdrying:

(D product giveaway
@ fuel consumption
(3 production capacity
@ air pollution

®) fire hazard
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The case for reducing product giveaway was covered under the subject of
evaporators. While this is also an important consideration for dryers, fuel
savings may be as significant in many cases. But both factors may be deter-
mined using the models already developed.

The air-pollution problem k not universal, but is characteristic of some
products. Gypsum, for example, when overdried, is easily pulverized in the
normal attrition of the dryer, and can send a cloud of dust into the exhaust
system. A fire hazard exists for combustible products like wood fiber and
grains. A sudden loss in feed can cause rapid overdrying of residual particles
to the point of combustion.

Only a fracion of the heat input to a dryer is used to evaporate moisture.
Its thermal efficiency may be stated as the ratio of heat absorbed in evap-
oration to the heat input. It can be calculated as the ratio of the reduction
in air temperature during the drying process to the elevation in air tempera-
ture in the heating process:

Y=(Ti- T (Ti- T) (7.25)

where Teis ambient temperature. If the dryer in Example 73 uses air at an
ambient temperature of 60°F, its thermal efficiency would be (200 - 130)/
(200 - 60), or 50%.

If the product & overdried, additional heat is supplied for evaporation,
but more is used to raise the wet-bulb temperature and driving force. Each
incremental reduction in product moisture requires a greater outlet-air
temperature elevation to overcome the reduced drying-rate coefficient.
Fluid-bed dryers will require substantially more heat to overdry than
longitudinal units, because the entire contents of the dryer are lower in
moisture. Longitudinal dryers, however, would have reduced moisture
content at the product end, but not the feed end, so that their average rate
coefficient would not change as much.

To estimate the additional heat required to..overdry the product from a
fluid-bed dryer, Eq. (7.12) can be used, along with a heat balance. Because
of the exponential term in (7.12), and the dependence of Twon T;, a direct
solution of heat input as a function of product moisture is unattainable.
However, a set of numerical solutions may be obtained as illustrated below.

EXAMPLE 75 For the dryer described in Example 7.3, calculate the
percentage increase in fuel consumption ifthe product is dried to 3% moisture
instead of the specified 4%. The moisture content of the feed is 10%, and
the ambient temperature is 60°F.

From Example 7.3,

eKwe = 0352
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Then
Kw* = - n0.352 = 1.044
K = 1.044/0.04 = 26.1

A heat balance using Eq. (7.18) gives

FH. T;- T, 200- 130

= = 1167
GC =w,- w 0.10-0.04

“and the heat rec.luired to raise air at 60°F to T; is

0= GC(200 - 60) = 140GC
Atw=0.03,
e-Kw — e-26.1(0.03) = 0.457

T.=T,+0457(T,- T,)
From a lieat balance,
-T; - ,To= (FH./GC)(wr - w) = 1167(0.10 - 0.03) = 81.7
The last two expressions can be combined by eliminating To giving
T; = Tw + 81.7/0.543 = Tw+ 150.5
The actual value of T; must be found using Fig. 7.8 or a psychrometric chart:

T; = 250'F

Then the heat required to raise 60°F air to T; is
Q= GC(250 - 60) = 190GC

This represents an increase of 35.7% over the base case, although the increase
in moisture removal is only 0.07/0.06 or 16.7% over the base case.

The relationship between heat requirements and product moisture is highly
nonlinear. Figure 7.13 plots the relationship for the fluid-bed dryer in the
above example. Substantial incentive exists to operate at as high a product
moisture content as is acceptable to the user of that product.

Most dryers will be heat-input limited. Then, if heat input per unit feed
can be reduced by controlling product moisture closer to specifications,
more feed can be processed. In many cases, the increased productivity can
be worth more than fuel savings or reduced product giveaway.

2. Optimum Airflow

Most dryers operate under conditions of virtually constant airflow. Ac-
tually, airflow is not often controlled at all, except for fluid-bed dryers where
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Fig. 7.13. The relationship between heat input and product moisture for the fluid-bed dryer
is highly nonlinear.

it is important to maintain fluidization. One factor worth considering, then,
is the effect of airflow on the economy of a dryer.
If airflow has no effect on mass or heat transfer, then increasing it will

‘increase energy consumption substantially. This can be demonstrated by

doubling G in Eq. (7.10) for the fluid-bed dryer described n Example 7.5.
The improvement in K lowers T; from 200 to 171°F, not enough to offset
the increased flow through the air heater; the result is an increase in heat
input of 59%.

However, in most systems increased airflow does improve the mass-
transfer coefficient. If the relationship between a and G in Eq. (7.10) is linear,
K then is unaffected by airflow. In this case, the net heat input does not
change with G higher flow rates simply reducing the required inlet tem-
perature.

A real situation is somewhere between these extremes. Typically, in a
turbulent flow regime, mass- and heat-transfer coefficients vary with the 0.8
power offlow. This would cause K to vary with G- °-2. With this low expo-
nent, airflow does not have a great effect on heat input, but the results are
worth examining. Table 7.3 shows that reducing airflow from the base case
of Example 7.5 results in improved thermal efficiency.

If this model is representative, then airflow should be reduced to some
allowable minitmum, which would then maximize thermal efficiency. However
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Table7.3

The Effect of Airflow on Heat and Work Requirements

Airflow Inlet-air Thermal efficiency Work input
% of base)  temperature (F) (%) (% of base)
200 136 46 63
100 200 50 100
50 308 56 141

the higher temperatures needed may not be available. The work input to the
dryer was determined by applying Eq. (1.10) to the heat input This is seen
to increase as airflow is reduced. Then the optimum work efficiency would
appear to be reached at maximum airflow.

In actual practice, work efficiency may be important during the design
phase, but not in operation, unless a choice of several heating media exists.
If there 'is 1o choice, then apparently airflow is optimized when air-inlet
temperature is as high as attainable with the given heating medium. For
example, if stam at 320°F is available for the fluid-bed dryer in Table 7.3,
airflow should be reduced as low as possible, while still retaining control of
fluidization and product moisture. However, the dryer could operate more
efficiently from a work standpoint, if a lower-temperature heating medium
were provided.

An additional factor not considered in Table 7.] is the increase in sensible
heat of the product at lower airflows. As inlet-air temperature increases,
wet-bulb temperature increases too. The temperature of the product must
rise with it. This will result in a heat loss, and therefore a slight reduction in
dryer efficiency as airflow is lowered.

Many dryers require a high limit on inlet-air temperature to avoid de-
gradation of the product. If this temperature can be maintained at all times
by manipulating the heating medium, then airflow can be manipulated to
control moisture. The control system required for this configuration is
simpler than those having a fixed airflow-Fig. 7.14 shows only two loops.
If either valve reaches the fully open position, control of product moisture
will be lost. Therefore their positions should be indicated and alarmed, as
shown.

There are two limitations to this system. Outlet-air temperature is difficult
to control by manipulating airflow, due to the variable dead time of the air
within the dryer. A similar control loop on a heat exchanger could not be
stabilized satisfactorily (4). The second problem is that outlet-air temperature
should change somewhat with airflow.

Following the information presented in Table 7.3, calculations were made
to determine the airflow and outlet temperature required to hold a constant
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Fig. 7.14. Minimum airflow can be achieved ifit is manipulated to control outlet tempera-
ture at a constant inlet temperature.
'

product moisture, given 308°F as the maximum inlet temperature. The
results for the fluid-bed dryer used in the previous examples appear in Table
74. The change in Tis small enough that it could possibly be neglected-it
is certainly much smaller than the change required with constant airflow.

3. Recycling Exhaust Air

Some of the heat content in the exhaust may be recovered if the air is
sufficiently hot and dry. This can be particularly attractive in batch drying,
where outlet-air temperature rises and humidity falls as the end point is
approached.

For heat recovery to be effective, without interfering with the primary
objective of product moisture regulation, it must be properly controlled.
Variations in humidity at the inlet of the dryer can substantially alter the

Table 7.4
Thermal Effkiency and Outlet Temperature for Airflow Mani, ,lation at
T = 308°F
Evaporative load Airflow Thermal efficiency  Qutlet temperature
(% of base) % of base) %) (F)
50 23 61 157
100 50 56

168
150 7 55 173
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relationship between product moisture and air temperatures, particularly
for low-temperature drying.

The variable which limits the amount of recycle allowed is humidity. It
can be controlled successfully using a dew-point temperature measurement
as shown in Fig. 7.15. For a batch dryer, little air would be recycled during
the constant-rate period, when exhaust temperature is low and humidity is
high. As drying proceeds, more heat recovery would be allowed. The com-
bination of controlled dew-point and controlled inlet temperature is vital to
the performanc of the inferential moisture control system.

Exhaust htoke
1-X 1-X
To,Ho,wo 4 Ho wo

Recyde X

Tg, Hb, Wi
\ Td

Dew-point

Controlier
Ti,Hi, wi

From dryer To dryer

Fig. 7.15. The dew-point controller will allow the recovery of as much exhaust heat as
practicable.

There woul;i seem to be an optimum dew-point temperature for a given
dryer. To evaluate the effect of dew point, the inlet-air driving force must
first be determined, using the inlet-outlet differential corresponding to a
given evaporative load:

T - Tw=(T; - To)/d - eKw) (7.26)

Then, using a psychrometric chart, or Egs. (7.2)-(7.4), values of T; and Tw
must be found which satisfy their calculated difference, at the given dew
point. Outlet-air conditions can then be determined from T; and Tw-

Then a moisture balance is used to calculate the fraction X of exhaust air
that is recycled:

X=w - wo(wo- w) (7.27)

where w; is the moisture content at the controlled dew point, wyis the moisture
content of the exhaust, and w. that of the ambient air. Next, the enthalpy of

C. Minimizing Energy Usage 241
the blend may he calculated from X
Hy, = XHo+ ( - X)H, (7.28)

where Hyand H. are the enthalpy of exhaust and ambient air, respectively,
as taken from a psychrometric chart. Finally, the heat input per unit of air
is calculated as the enthalpy increase across the heater:

6H; = H, - H, (7.29)

where H; is the enthalpy at T; and Tw-

The results of these calculations for the fluid-bed dryer described in
Example 7.3-7.5 appear in Table 7.5. Ambient air is assumed to have a
50°F dew point and a 60°F dry-bulb temperature. There does not appear to
be a clearly defined optimum: IIH; drops sharply as dew point is first in-
creased, but later improvements are marginal. In fact, much of the heat
recovery at higher dew-point temperatures will be offset by an increase in
sensible heat absorbed by the product at higher wet-bulb temperatures. This
factor was not taken into account in preparing Table 7.5. The logical con-
clusion to be drawn from the table is that increasing dew-point temperature
beyond 70°F is probably not worthwhile. However a similar analysis
conducted on the same dryer at a 50% higher load indicated a significant
improvement in heat recovery between 70 and 80" F dew-point temperatures.
In this light, 80°F might be the preferred set point.

Table 7.5

The Effect of Recycling on Heat Economy

T-(PH X T;("F) TWCF)  To("F)  6.H; (Btw/lb)

30 0 200 92 130 34.7

0.161 201.5 94.5 1315 319
70 0.343 205 98 135 28.7
80 0.457 210.5 103.5 140.5 2838
90 0.573 216 109 146 272

The selection of optimum dew-point temperature is independent of
ambient conditions. Considerably more heat recovery is possible in winter
when ambient humidity is low, than in summer when it is high. The dew-point
controller can regulate the amount of recycle to adjust for ambient changes.
In cases of very high humidity, the recycle damper may be closed, preventing
any heat recovery.

Actually, a dryer without dew-point control requires more energy during
the winter than during the summer, because the ambient dry-bulb tempera-
ture is lower, as well as the dew point. Table 7.6 shows that, with dew-point
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Table 7.6

The Effect of Dew-Point Control under Various Ambient Conditions

Ambient conditions Heat input (Btu/lb)

With ambient With 80-°F

Temperature (F]  Dew point (°F) dew point dew point
' 10 0 43.0 318
40 30 373 29.5
60 50 34.7 288
80 70 30.2 29.0

control, heat-input requirements are essentially uniform for all seasons. A
10-°F difference between ambient dry-bulb and dew-point temperatures was
used to illustrate each case.

In to heat recovery, a controlled dew point offers improved
regulation of 19roduct moisture when temperature control is used. Figure 79
shows that control of dew point at 8)°F will eliminate the variability of the
dryness contours with ambient conditions, and removes much of their
curvature. Both factors will improve the performance of the inferential
control system.

4. Using Flue Gas for Drying

In many installations, flue gas from incineration or other similar operations
is available for use in drying. The difficulty in attempting to capture such
sources of waste heat is the variability of the source. At times, there may be
more heat available than needed, and possibly at temperatures above safe
levels for drying. At other times, there may be insuftlcient waste heat or
none at all.

The system shown in Fig. 716 is designed to use all available waste heat,
tempered with outside air, as necessary to provide the required inlet-air
temperature. Although airflow will tend to vary somewhat, the data given
in Table 74 indicated that the inferential control model is not particularly
sensitive to its changes.

At times, the flue gas may not be hot enough to reach Tf, the temperature
needed for moisture control. Then the difference between 7f"and T; is used
to set a fuel flow controller in direct proportion. The ratio of fuel flow to
temperature deviation is adjusted by the operator to produce that same
temperature elevation at a nominal airflow. It may be necessary to place a
low limit on fuel flow to avoid flameout at the burner. This incremental
elevation in inlet temperature above Tf should be corrected by a corre-
sponding increase in the bias adjustment b.
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Fig. 7.16. Fuel is fired in proportion to the difference between actual inlet temperature and
its set point.

D. NONADIABATIC DRYERS

There is a class of dryers that do not depend on a moving stream of heated
air for evaporation. Drying is performed on contact with a heated surface.
Water vapor is removed by natural convection or drawn off under a vacuum.

The most common dryer of this type is the steam-tube dryer (Fig. 7.17).
It 5 a rotary dryer in which solids cascade against internal steam-heated
tubes. Air flows counter to the feed from inlet louvers to an outlet stack, by
natural convection. Because heat is applied throughout the entire length of
the dryer, wet-bulb temperature increases from inlet to outlet.

PC\ /FR
Moist air
Feed P DP
Air
EFreeee e — Steam
F Rotary
L k vaive
e T
Tubes/ Atr
Condensate
Product

Fig. 7.17. Moisture is evaporated by direct contact with heated tubes in a steam-tube dryer.
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Drum dryers are common in certain industries. Paper is dried in a conti-
nuous sheet in passing over a series of steam-heated drums. And flake food
products, chemicals, and soaps are dried from a paste which adheres to a
steam-heated drum. In all these examples, drying is accomplished by con-
ductive heat transfer.

1. Drying by Conduction

When a hetd surface such as a drum or tube is uncovered, the flow of
heat from its s rface is governed by the low heat-transfer coefficient of the
surrounding air. If the same surface is then covered with a dry solid, such as a
sheet of paper or bed of dry fibers, the rate of heat transfer will not noticeably
change. However, should wet solids contact the heated surface, the rate of
heat transfer will increase substantially. In effect, the overall heat-transfer

coefficient is related to the average moisture content ofthe product in contact
with the, surface:

U=rmw) (7.30)

If the heat-transfer coefficient U is controlled, then the average moisture w
of the product in the dryer should also be controlled.
The heat flow Q from the steam-heated surface of area A is also related to

the temperature difference between the condensing steam T, and the product
T

pP-
_— Q= VA(T, - T,) (731)

The load on the dryer is expected to change as a function of feed rate and
moisture co.ntent. The heat flow must also change in proportion. To increase
the heat ffow. requires an increase in V or Ts. or a decrease in T , if the
surface arlla does not change. Product temperature is not likely to decrease
as more heat is introduced, but in fact should increase as the wet-bulb
temperature increases.

Thus an increase in heat transfer must be caused by an increase in U or
T or some combination of the two. If the increased load on the dryer is
brought on by a feed-rate change rather than a feed-moisture change, then
the moisture profile ought to remain the same. The only way that this can
be achieved would be to hold U constant, by increasing T. in proportion to
the load.

In actual practice, steam temperature is not controlled, but is determined
by steam pressure in the dryer, which is controlled. In the absence of operator
attention, the steam pressure, and hence Ts. will remain constant regardless
of load. Then the only way that heat transfer can increase to accommodate
a rising feed rate is to raise V by allowing the average moisture content of
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the product to increase. Conversely, a decrease in load will bring about a
comparable reduction in product moisture.

An alert and experienced operator will adjust steam pressure when he
perceives a load change. The indication he uses is the steam flow to the
dryer. An increasing load will tend to increase U, causing steam pressure in
the dryer to begin to fall. The pressure controller responds immediately by
passing more steam, so that pressure is scarcely observed to change, while
steam flow increases noticeably. The operator should react by raising the
steam-pressure set point proportionately, thereby increasing its condensing
temperature T,. The set-point change will cause a secondary increase in
steam flow: this is the result of operator intervention, and must not be
construed as a another increase in load. This procedure can be mechanized
to produce more accurate and responsive control of moisture than the
operator is able to achieve.

2. Inferential Moisture Controls

The overall heat-transfer coefficient can be controlled inferentially by
relating it to the observed steam flow rate:

Q= VA(T, - T)=FHs- H) (7.32)

where F. is the mass flow of steam, Hj is its enthalpy, and H, is the enthalpy
of the condensate removed. Both T, and H, will change with steam pressure.

Mass flow F, is not directly measurable, but may be related to orifice differ-
ential h:

F. = kjT, (7.33)
Combining (7.32) and (7.33) gives

kjT./VA = (T, - T )(H; - He) = f(p.) (7.34)

The object is to relate h and absolute steam pressure p. in a manner that
will uniquely determine UA. To do this, values of T, and H, are obtained
for selected steam pressures, and inserted into Eq. (7.34). A value of 180°F
was used for T, to generate the set of solutions appearing in Table 7.7. This
value was selected because it was observed in operating steam-tube dryers-
it appeared to change only *10°F with load. The steam supply is assumed
to be saturated at 150 psig.

The last two columns from Table 7.7 are plotted against steam pressure
in Fig. 7.18. Observe that orifice differential h is linear with pressure for a
given value of V. In other words, steam pressure should be set in direct
ratio to observed orifice differential, to hold U constant: The intercept is
the saturation pressure corresponding to T, here slightly below atmospheric
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Table 7.7

Solutions of Eq. (7.34) for Selected Steam Pressures

p.(psia) T,(F) H.- H,(Bw/lb) VA (1)

30 250.3 977.1 0.072 0.0052
60 292.7 933.8 0.121 0.0146
320.3 905.3 0.155 0.0240
20 341.3 8834 0.183 0.0333
150 3584 865.4 0.206 0.0425
()2h
0.01 0.02 0.03 0.04 0.05
150 T T T 77 1
120:+
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Fig.7.18. Steam pressure is linear with orifice difice differential pressure for a constant
heat-transfer coefficient.

pressure. In fact a gage-pressure measurement should be used, since it will
accept the same changes in barometric pressure that affect T,
Then the line may be represented by the equation

P! = (k.fuA)’h (7.35)
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where P! is the gage-pressure set point. The ratio ofhto p: is to be adjusted
to provide the desired product moisture. An increase in the ratio setting
will reduce U and therefore reduce the moisture content of the product. A
control system embodying this concept appears in Fig. 7.19.

It is imperative that the meter coefficient k remain constant-otherwise
U will shift in response. If the steam pressure at the point of metering is
variable, compensation should be applied as shown in Fig. 7.19. The pro-
cedure is described in connection with Fig. 39.

Dynamic compensation in the form of a first-order lag is essential to the
stability of the system. Only flow changes which reflect the true heat load
should be converted into pressure set-point changes. Those flow changes
resulting directly from set-point changes must be filtered, to attenuate
positive feedback. The problem is essentially the same as encountered in
the temperature loop of an adiabatic dryer. In essence, the dryer must be
allowed to respond fully to an adjustment in steam pressure before another
adjustment should be made.

Rot'io "
K h K2h(t) controller
X =] 110 = (BrCY
L
Ps h a9
. 1.------ 1T ' ,.To
Steam '] dryer

Fig. 7.19. Gage steam pressure is set in ratio to the lagged steamllow signal; the meter factor
k, should be compensated for supply pressure if it is variable.

Because the overall heat-transfer coefficient changes with average moisture
content, the relationship shown i Table 7.7 and Fig. 7.18 is sensitive to
feed moisture. As was the case with adiabatic longitudinal dryers, feed
moisture cannot be conveniently measured, but can be inferred from a heat

balance if a reliable feed-rate measurement can be made. First, let U4 be a
linear function of average moisture:

UA = k(wr + w¥) (7.36)
A heat balance relates Wrand F:
Q= FH.(w, - w%) = F.(H, - H,) (7.37)

When combined with (7.34), a quadratic in his formed:

L k(T - TXk(H - H)
v"  2w* + [kJh(H. - H/FH.]

(7.38)
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Table 7.8

Steam Pressure Required for Constant
Product Moisture with Variable Feed
Moisture

p-(psi))  wWeg  F%)  ht%)

150 36.0 100 100
39.9 80 84.9
45.6 60 68.3
120 30.7 105 68.3
90 32.2 100 67.1
36.0 B 56.3

From an initial set of conditions, ki and k can be evaluated. Then h can be
determined for- various values of F and p-.Table 7.8 gives selected combi-
natjons-of conditions producing a product moisture of 10%, based on the
initial et given in the first row.

From the first and last rows, the change in pressure with orifice differential
for constant feed moisture can be determined:

%&:ﬁf—;ﬂg: 137 psi/%

This number is consistent with the data in Table 7.7. From the first and
next-to-last'row, the change for constant feed rate appears to be larger:

o

e —— 1/0,
&h r= 100 - 671 = 52 Psil

Finally the pressure correction with feed rate can be calculated from the two
center rows:

ilp\ 150 - 120 .
.= 60 - 105 = -0.66 psi/%

The negative coefficient is consistent with the increased coefficient for
constant feed rate: an increase in feed rate at constant feed moisture will
bring about an increase in h The inferential control system using a measure-
ment of feed rate takes the form

P, . L@Fh ﬂ@}f (7.39)

where the latter coefficient is negative.
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3. Vacuum Drying

Certain heat-sensitive products are dried under a vacuum to reduce the
temperature to which they are exposed. Some food products are of this
category, along with high-quality soaps. The vacuum effectively removes all
air from the system, so that the remaining atmosphere is essentially water
Vvapor.

The driving force for evaporation may then be represented as the tempera-
ture difference between the product and the saturation temperature of water

't that pressure. The rate of evaporation dFw can also be expressed in terms
ofa differential-pressure driving force:

de = adA(pw - P) (740)

where a i a mass transfer coefficient, dA is an incremental surface area of
solid, p,, is the partial pressure of water in equilibrium with the solid, and p
is the absolute pressure i the dryer.

Soap is actually a solution of salts of fatty acids in water. Because of their
high molecular weights (~300), the 10-12 wt% of moisture in the final
product exceeds 50 mol % At these concentrations, Raoult's law applies:

Pwv= PX (7.41)

where p is the vapor pressure of water at the temperature of the solid, and
x is the mole fraction of water in the mixture. As x decreases, p,, decreases
for a given temperature. Thus Eq. (741) is analogous to rate equation (7.9)
in the falling-rate zone. If, instead of a solution, an emulsion or suspension
is more representative of the mixture, the water will exert its full vapor
pressure:

Pw= p';; (742)
Steam
To condenser
\/
(2
1
Feed Vocuum Product
o dryer
I |
l Condensate

Fig. 7.20. The vacuum dryer can be regulated by a differential-vapor-pressure controller.
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Then a drying-rate coefficient whose value varies with moisture content
probably applies.

A study by the author on a soap dryer concluded that product moisture
could be regulated by controlling p - pas sensed by the differential-vapor-
pressure transmitter described in Chapter 3. Its temperature bulb would be
filled with water and inserted in the flow of product, with the pressure
connection made to the dryer chamber. Steam pressure is the manipulated

. variable as shown in Fig. 7.20.

Dryer pressre is related to evaporative load, condenser water flow, and
air leakage, as developed for evaporators in Chapter 6. Its control and
optimization are as described in that context.
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Chapter

3

Distillation

Distillation is a classic example of a process using energy to create order.
Typically, the products ofa distillation column are in the same physical state
as its feed, and have the same net energy content. Therefore the energy used
in the process simply passes through, increasing its entropy to reduce that
of the products.

There are familiar methods available for measuring the efficiency ofmost
processes such as boilers, compressors, engines, etc. These techniques are
not directly applicable to distillation, in that order, rather than energy, is
produced from energy. An entropy analysis appearing in this chapter gives
a measure of efficiency and shows how much room there is for improvement.

Much energy can be saved by more effective quality control in reducing
cycling and allowing operation closer to specification limits. But there are
also energy-conservation techniques which apply to a column's heat-input
and removal facilities. Minimizing the operating pressure of a column can
improve its efficiency markedly. But control must be carefully applied to
realize energy savings and to avoid such hazards as flooding and over-
pressure.

Newer plants are making use of heat pumps and heat integration to
reduce fuel consumption. These techniques are more demanding of controls
because of the interactions they invite between competing units. They are
illustrated by several applications to show how controls can be used both to
save energy and facilitate operation.

<3l
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A. OBJECTIVES AND PRINCIPLES

The foundation for this chapter has been established in an earlier work
(D by the author. There & not space in a single chapter to develop the subject
of distillation control completely. Instead, the reader will be introduced to
the objectives and principles of column operation sufficiently to prent
potentials for energy conservation. This will allow the benefits of improved
quality contrql and other energy-conserving strategies to be converted
quantitatively,-into anticipated savings.

1. Specifications an Product Quality

The entire purpose of distillation is to provide to a user a product of
sufficiently high quality to perform satisfactorily in his service. Products
that are sold must meet a set of guaranteed specifications listed in the
buyer's contract or established by some authority such as the federal govern-
ment...- .

Although only a few of the products from distillation columns are actually
sold, most ate given an arbitrary set of specifications, as if they were sold.
In many cases, there is a logical explanation, in that the product must have a
certain purity to avoid problems in downstream units of the plant. However,
too often, specifications are arbitrarily applied to convenience inter-
department transfer or accounting procedures.

When a product fails to meet specifications, some sort of penalty is
imposed, depending on plant and market practices. The product could be
sold as a lower-grade material, if there were a market for it. This penalty
could be rather severe in that a product just failing to meet specifications
may cost little Jess to manufacture than one which just meets them, and yet
it must be sold for considerably less.

Another approach is to divert the off-grade material to a holding tank,
where it can, be blended with overpure product, to meet specifications. But
blending is an irreversible process to which an energy penalty & attached.
More energy is needed to make overpure product than can be saved by
making that which & underpure. Blending the two to meet specifications
will always consume more energy than making product of the required
quality directly.

Below-grade product is often recycled to the feed tank. This practice &
Jess efficient than blending with above-grade product-the entropy change
increases with the difference between compositions, as indicated in Table
1.3. Furthermore, a column designed to process a certain feedstock cannot
readily accommodate off-specification product as feed. Efficiency declines,
and constraints of temperature, pressure, or flooding are easily approached.
A general consequence of any of the above actions, except sale, is a reduction
in plant capacity.
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- Because of the penalties associated with failure to meet specifications,
columns are generally operated with a safe quality margin. Furthermore,
composition records show that product purity tends to be less variable and
therefore easier to control as it approaches 100%. This & borne out by
sensitivity calculations. As a result, operators feel more comfortable when
the product is overpure, and are not likely to force it closer to specifications,
notwithstanding the economic incentives for doing so.

Specifications may be in terms of purity, impurities, or a combination of
the two. Consider the depropanizer shown in Fig. 81. Its propane product
may have to meet a 95% purity specification, and contain less than 2%
isobutane. Or it could be stated as having to contain Jess than 2% isobutane
and 3% ethane. Or it may have to meet the butane specification and have
less than a certain vapor pressure, which would limit the content of ethane
and lighter components.

The statement of specifications determines to a certain extent how the
column s to be controlled. For example, the isobutane impurity in the
propane product could be measured and controlled directly by manipulating
product flow. To control purity 5 more complicated, because it cannot be
measured with the same accuracy that it can be calculated. An analyzer
accurate to + 2% of span could report propane purity only to + 2%. But
by measuring ethane and isobutane to +2% of a 5% span, propane purity
can be inferred o +0.2%. Therefore the sum of the impurities is generally
used to control product purity.

Recognize that only the heavy key in a light product can be controlled
at the column producing it. This would correspond to isobutane in the

0, Y Propane
| product
Feed from Ez .
deethanizer e Oepropanizer
B,x Isobutane
and heavier

Fig. 8.1. The isabutane n the propane product and the propane in the isobutane product
may both be controlled at the depropanizer.
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propane product from the column in Fig. 8.1. If the lighter-than-light key in
that product, i.e, ethane in the propane, is to be controlled, that must be
done at a column farther upstream-in this case, a deethanizer. To control
the ethane-propane ratio in the propane product, that ratio must be con-
trolled in the bottom product from the deethanizer.

The light key in a heavy product may be controlled at the point of produc-
tion. This would correspond to controlling the propane content of the
bottom product from the depropanizer. Although this is not a final product,
its propane c<Intent may be im, ,rtant in meeting the specifications of the
isobutane final product downstream. The propane-isobutane ratio must be
controlled to' satisfy a propane specification on the isobutane product.

Some products may have no specifications at all. Their purity can then
be optimized as a function of operating cost and product losses.

2. Material-Balance Relationships

As: with alny process, there is a binding relationship between quality and
quantity, oftep overlooked in assigning control loops. An overall material
balance may be written

F=D+B 81)

where F is the mass or molar rate of feed, and D and B are those of distillate
and bottoms products, respectively. One of these three streams can be used
to control product quality, one establishes throughput, and the third closes
the balance.

Similarly, a material balance may be written in terms of any compo-
nent i:

Fz = Dy, + Bx (82)

where z;, Y;, and x are the mass or mole fraction of component i in the
associated stream. When (8.1) and (82) are combined, the product composi-
tions appear as related flow ratios:

D/F =(z - X/Y;- X) (83)
BF =(Yi - zY;- x) (84)
DB =@ - x)Y; - z) (85)

These expressions are not independent of one another. Because only one of
the three flow rates can be used to control product quality, only one equation
is useful.

Typically F and z; are given as independent variables. Then either D or
B may be selected to control the quality of its stream. Yet each of the above
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*Egs. (8.3)-(8.5) has two unknowns: x; and Y;- There then must be another
relationship between x; and Y, to define the system-that relationship is
based on energy input.

Actually, the external material balance does not affect product compo-
sitions directly. As Fig. 82 shows, adjusting the rate of D or B does not
impact directly on the column, but only affects the liquid level in the overhead
accumulator or the column base. The internal liquid and vapor rates deter-
mine what the compositions will be.

However the internal rates are difficult to measure and control, and in
some cases im, ,ssible. Va, ,r flow is not only determined by heat input,
but also by feed rate and enthalpy. Liquid flow at any point is a function of
the flow rate and enthalpy of both reflux and feed. Furthermore, in most
columns, internal vapor and liquid rates are greater than product flows,
such that their difference is more accurately controlled by the flow of a
product.

L' y Dry

Fz

B,x
Fig. 82. Compositions within a column are related to internal vapor and liquid rates.

3. Separation as a Function of Energy

Separation s is defined as the ratio of light-to-heavy key concentrations
in the top product, divided by the same ratio in the bottom product:

s= (Vifyh/x,/xn) (86)

By combining Eq. (86) with (8.3), written first in terms oflight key /and then
heavy key h, a solution may be found for the four compositions given in
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(86). The solution assumes no components lighter than the light key appear
in the bottom product, and none heavier than the heavy key appear in the
distillate. The result is quadratic in form:

Yo =(-b +JF?- 4ac)/2a 87)
where
, a= (D/E)s - 1)
N b=sz1- - D((D/F) - z) + zn (88)
) ¢=-zn(l - z/D/F))
Subscripts 1l and hh represent all components lighter than the light key and
heavier than the heavy key, respectively.
EXAMPLE 81 A depropanizer has the following compositions of feed
and pro<iiucts, ¢n mole fractions:

Feed (2) Distillate {y) Bottoms (x)

Eth‘ane and lighter (II) 0.0097 0.030 —

Propane (I) 0.310 0.950 0.002
Isobutane (h) 0.088 0.020 0.120
11-Butane and heavier [hh) 0.593 — 0.878

Calculate D/F and separation. Estimate the effect of an increase of 001 in
D/F on yh..

D 031 - 0002 = 095/0.02 _
=095 - 0002 S ooozorz B0
Let
p/F = 0335

a = 0.335(2849) = 954
b =2850(0.31) - 2849(0.335 - 0.0097) + 0.088 =-43.19
c= -0.88(1 - 0.0097/0.335) = -0.0855
_ 4319 +.J43.19% + 4(954)(0.0855) _
b= 2(954) :
Reference (1, pp. 43-45) develops a correlation between the separation
factors and the average vapor-to-feed ratio V/F in the column:
V/F=/lins (89

where Bis called the "column characterization factor.” It is a function of the
relative volatility « between the key components, the number of separation

o7
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stages 1 in the column, and their overall efficiency E:
/3=350/[(11£)0-68k1.68 |1y ix] (8.10)

There are two principal limitations to this correlation. The logarithmic
model follows the actual points only in the range where

hs/mEhK 0522 (8.11)

This & not a serious obstacle, because nearly all columns will be found to
operate within this range.

The second deficiency is that the correlation contains no term relating to
feed composition. A correction factor may be applied, however, using the
composition effect on entropy appearing in Eq. (1.20). The correlation was
derived for separation ofequimolar binary mixtures, which have an entropy
of mixing of 0.693R Btu/lb-mol-°F, where R is the universal gas constant,
1.987. Consider the feed to a column to be a binary mixture, with the light
key and all lighter components lumped, and the heavy key and all heavier
components lumped. Then V/F as calculated in Eq. (89) can be corrected

by the ratio C_of the entropy of the pseudobinary feed mixture to that of a
50-50 mixture:

o _ (& + Z1)n@ + Z11 - W/ zhh)in(zh + Ah)

(8.12_)

EXAMPLE 82 Calculate the correction factor for the V/F correlation
for the feed mixture given in Example 8.1.

o _ 0.3197In0.3197 + 0.681 In0.681

-0.693
Equation (89) is useful even when xand E are unknown or not uniform
across the column. A set of conditions from an actual or accurately simulated

column can be used to estimate /3from which new values of V/F can be
determined as conditions are changed.

=090

EXAMPLE 83 The column in Example 81 has a V/F of 1.60. Calculate
the percentage reduction in V/F possible if the propane i the bottom
product is allowed to increase to 0.3%.

From Eq. (89)

(V/F)i _
. ‘Ins; 12850

The new separation factor is

2 =(95.0/2.0)/(0.3/12.0) = 1900

= 0.201
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and the new V/F ratio is

(V/Fh = 02011n 1900 = 1518
This amounts to a 5.1% reduction in V/F.

The energy Q required to perform the separation is directly proportional
to vapor flow V:

Q= VH. (8.13)

where H. is the latent heat of vaporization of the average mixture in the
column.

One of the more valuable services of the correlation of energy with sep-
aration is- the prediction of energy savings through an improvement in
relative volatility. The relative volatility of most mixtures increases as
temperature and pressure are reduced. If x is known at various conditions,
Eq. (8.10) can"be used to estimate the corresponding changes in V/F; a
corrc,ction'must be applied for changes in H, with temperature in order to
convert. V/F into Q/F.

EXAMPLE 84 The relative volatility between propane and isobutane
in the column of the previous examples is 201 at 120°F and 233 at 80°F.
The heats of vaporization at these temperatures are 22,100 and 25,800
Btu/bbl, respectively. Estimate the percentage reduction in energy possible
by operating at the lower temperature:

Qso _ (PH)so (201 7°*1 2.01)25800

<0 = Lo = 0752
Qi20  (BH)120 (233%%1233)22,100

A savings or 25% in energy usage is achievable.

4. An Entropy Analysis

Energy conversion equipment such as boilers and compressors readily
yield to efficiency analyses. Not so with mass-transfer processes, which use
energy without producing any. Here, the entropy content of the energy is
used to separate the feed mixture and thereby reduce its entropy.

For purposes of illustration, an entropy analysis follows on a column
separating a 50-50 mixture of propane and propylene. These particular
components are selected because their close boiling range makes separation
difficult but also permits a wide selection of energy sources, including a heat
pump.

Consider a column with 130 theoretical trays separating the feed mixture
into two products, each 99% pure. Their relative volatility at 80°F is about
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1.15, and their latent heat of vaporization averages about 3700 Btu/lb-mol:

0.99/0.01
s = 0.01/0.99 =
_ 350
§ ~ (130)0.6s(1.15)1-6slh L15 =

V/F = 0.7231n9801 _ 665
Q/F = 3700(6.65) = 24,600 Btu/Ib-mol

9801

0.723

The column is heated with steam at 212°F and cooled with water at 70°F,
as shown in Fig. 83. Entropy ofthe feed and products were calculated using
Eq. (120) and the gas constant R of 1.987 Btu/lb-mol-°F:

Sg= -1.987(0.5In 05 + 0510 05) = 1377 Btuw/lb-mol-'F
So = Ss
= -1.987(0.991n0.99 + 001 In0.01) = 0.111 Btuflb-mol-"F

The entropy change of the components per mole of feed is

S = So(D/'F) + Sg(B/F) - Sg
S = 0.111(0.5) + 0.111(0.5) - 1377 = 1266 Btu/lb-mol-"F

Cooing  walker
24,6008t :@
al 70 F ;s
Ccg] =+46.4 1-- y,* 0.99
n 001
50+0.111
EN. e
7, 05
72=0.5
SF= 1.377
v Bottoms
Seam /?'\__ T 1,001
24,600 B - - - - 2=0.99
at 212 F ' e S8-0111
C&=-36.6

Fig. 8.3. The net gain in entropy o fthe surroundings is several times the reduction in entropy
of the components being separated.
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In the process of transferring 24,600 Btu/lb-mol of feed at 212°F, the
entropy of the steam i reduced according to Eq. (1.32) by

0 -24,600 .
65, = T,= 40+ 212 = 3°°1

If the cooling water flows sufficiently fast that its temperature rise is very
low, the same relationship may be used to estimate its gain n entropy:

. + 24’ )
45¢ = TQE: ﬁ _ +46.42 Btu/lb-mol-°F

Btu/lb-mol-°F

The- heating nd cooling system show a net gain of 4642 _ 36.61 =88l
Btu/Ib-mol- F, compared to the net loss of 1266 Btu/Ib-mol-°F for the
components being separated.

If a cooler fluid were used for reboiling, the operation would be more
efficient in that the entropy increase would be smaller. This line of reasoning
can only be carried to the point where the temperature difference between
the hot 111d cold fluids approaches the difference in boiling points between
the products. Their boiling point difference is about 16 F. The entropy
increase fx_transferring 24,600 Btu from 86 to 70°F is

': 1 )_+1 Btu/Jb-oF
6.S = 24,600 070" % = 36 Tb

Therefore, when o temperature drop is taken across heat-transfer
surfaces or in heat-transfer media, and no pressure drop is taken across the
column, a net entropy increase is still sustained.

- B.  PRODUCT-QUALITY CONTROLS

The primary objective of any control system applied to a distillation unit
is to meet product-quality specifications. Considering the penalties for
failing to meet specifications, wide margins are typically set by the operators.
As a control system is capable of reducing the variability in quality, operation
closer to allowable limits can be achieved. Savings can be realized in the form
of enhanced recovery of the specification product, or reduced energy con-
sumption. Because these may prove to be the largest monetary incentives
for improved controls in distillation, the relationship is worth examining in
detail.

Distillation columns can be extremely difficult to control, for a variety of
reasons. A typical column will have 4-¢ control loops, which are largely
interdependent. Loop selection is crucial to the performance ofa column-
the wrong combinations of manipulated and controlled variables can lead
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to extensive interaction and even instability. Most columns are easily upset
by changes in the weather and disturbances in heating and cooling media
as well. Proper loop selection can also help reduce that sensitivity.

An additional factor is the characteristically slow response of product
analyzers to changes in manipulated variables. Here again, proper loop
selection can help; still, most product-composition controls cannot respond
quickly enough to overcome sudden changes in feed rate and composition.
This & particularly true of dose-coupled columns in series, where a distur-
bance can be propagated through the train, actually being amplified as it
proceeds. In installations like this, feedforward control is mandatory if
close control of product quality & to be achieved.

Within the scope of this section, it is impossible to cover the nuances of
loop selection and interaction. Instead, emphasis is placed on the usual
operating modes of columns, and the feedforward and feedback controls
that best implement them.

1. Recovery, Energy, and Quality Control

There are two basic operating modes for distillation columns: maximum
recovery and minimum energy. The maximum-recovery mode generally
is applied to columns having one valuable specification product, and a
less valuable byproduct. In this situation, operating cost will usually be
minimized if the loss of valuable product into the byproduct stream i
minimized-this constitutes maximum recovery of valuable product. This
objective can only be achieved by using as much energy as allowed, because
the separation factor between the products must be maximized. Boilup is
then controlled by setting steam flow to the reboiler at some recognized
upper limit. One way of determining the upper limit & to measure differential
pressure across the column. As flooding is approached, the differential pres-
sure usually rises sharply. Then the maximum heat input can be maintained
by controlling column differential pressure just below the value where

is known to develop. This technique is particularly useful when
the heating medium i oil or hot water, whose flow is not uniquely related to
heat input.

If the two products are similar in value, improving recovery of the more
valuable might result in less monetary savings than the additional cost of
energy required. In this situation, economics would favor minimizing energy
consumption. To achieve this goal, both products should be held as closely
as possible to specifications, which will minimize their separation factor.
This operating mode requires quality-control loops on both products.

In a few isolated cases, the cost of product lost through reduced recovery
is comparable to the cost of the energy required to improve that recovery.
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It may then be possible to arrive at a set of conditions that results in a
minimum operating cost. Typically one product should be held at spec1ﬁ§a—
tions, while the other is purer than required, by a stipulated amount-its
composition is then optimized. This situation is covered in Refs. (1, pp.
325-345) and (2).

2. Feedforward Controls

Acolumn  be protected against upsets in feed rate and feed composition
by applying feedforward control (1, pp. 236-242). If both products are to be
quality-controlled, the separation factor must be constant. One feedforward

control loop i this system would then manipulate heat input Q in response
to changes in feed rate:

Q* = F(t)H.{3Ins* (8.14)

where s* is. the separation corresponding to product-quality set points, and
(t) indicates dynamic compensation of measured feed rate. If H. and f are
constant, (8.14) can be simplified to

Q*=K*FY (8.15)

One o.f the material-balance equations such as (83) can be used to deter-
mine the second manipulated variable:

- D* = F(c)(z/ - xt)/(yt - Xn (8.16)

This equation would apply particularly well to the depropanizer of Example
8.1, where- propane purity y, had to be controlled, along with the propane
content x, in the bottom product. As before, the asterisk denotes set points
rather than measured variables. S

When x,amounts to less than 1%, little accuracy i sacrificed by simplifying
(8.16) to

D* = mF(t)(z;+ zn) (8.17)

where mis an adjustable coefficient. For the column in Example 8.1, mis
calculated to be 1016, indicating there is little error encountered in using
(8.17). ' .

Some columns are not exposed to rapid or large changes in feed compo-
sition, in which case incorporating an analyzer to measure 2 and zu cannot
be justified. These terms can then be eliminated, with coefficient m enlarged
to encompass them. Coefficients m and K* are adjusted by feedback con-
trollers to keep product qualities at their set points in the steady state. Figure
84 describes the control system.

e

e
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z

Feed +
composition + 2

t

X % Vo~ ZAA . Distillate
" U ’ producl
composllion
I Fit) D* Set point to
£ distillate flow controller

Qo Set point to

Feed F haat-input controller
rate
F(t) 1 k* /ac\ _ x_ Bollom
f(1) X Jl-,,,. r-1-|-tj41,.,.....;.:_ product
composition

Fig. 8.4. This feedforward system applies to the minimum-energy mode of column operation.

Dynamic compensation f{t) usually takes the form of dead time plus
lead-lag action. Ifthe feed contains no vapor, then the dynamic compensators
are identical, with only dead time and lag required. In essence, the effect of a
feed-rate change proceeds toward the column base. The counteracting
change in heat input must be delayed until the effect of the feed change is
felt at the column base. Very little time then elapses before the adjustment
to heat input is felt at the top of the column. Therefore the distillate flow
change can be made at essentially the same time as the heat-input change
is made.

Any vapor n the feed tends to propagate directly to the top of the tower,
however. Therefore if the feed is vaporized, even partially, the dynamic
compensator manipulating distillate flow will have very little dead time,
and some lead action will be required. A discussion an dynamic compensa-
tion and its adjustment is given in Ref (3, pp. 211-219).

If the bottom-product flow is substantially smaller than the distillate, the
accuracy of the material-balance calculation can be improved by manip-
ulating B instead of D Equation (84) or a simplification of it would be used.
Feedback adjustment of m should come from the bottom-product compo-
sition controller. Base level control then must be transferred to heat input,
and distillate would have to control the level in the overhead accumulator.
Reflux flow would take the place of heat flow, to control distillate compo-
sition. Interaction between the two quality-control loops should also be
considered in arriving at the most effective configuration, according to
Ref. (1, pp. 306-311).

When heat input is fixed at some upper limit to maximize recovery, V/F
will vary with feed rate, and so will separation. Then for a controlled y; x will
vary with F. As a consequence, D is no longer linear with F requiring a
modification to the material-balance equation. Table 81 lists the flow rates
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Table 8.1

Distillate versus Feed Flow for
Constant Boilup and Distillate Composition

F VF X D/F D

10 545 0.05 0.479 0.479
0.7 7.79 0.0038 0.503 0.353
v 04 13.63 0.0002 0.505 0.202

and bottom composItiOn for several feed rates to a propane-propylene
column, having a fixed rate of boilup, and distillate purity controlled at
99%. The points of D versus Fare plotted in Fig. 85.

A simple parabolic model can be fitted to the curve across the normal
operating rang;

D= mFz-kF? (818)

where mis th output of the composition feedback controller and k is an
adjustable coefficient which determines the nonlinearity of the curve.
Dynamic compensation of this system differs markedly from those which
manipulate heat input. Lacking the rapid response afforded by changes in
boilup, an additional feedforward loop is required to overcome the lag in
the overhead accumulator. Otherwise, adjustments to D will only affect the
liquid-vapor balance in the column after the accwnulator level controller
makes a corresponding change in reflux. With the forward loop given below,
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Fig. 8.5. When heat input is fixed, distillate flow varies nonlinearly with feed rate.
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reflux is forced to change as soon as distillate changes:

L*=my - k.,D (819)
where my, is the output of the accumulator level controller. If k; & set at
unity, L will respond directly to D, essentially eliminating the time lag of the
accumulator. Ifky, is too low, reflux will respond primarily to the output my,
from the level controller, with its associated lag. But if k;, exceeds unity,
reflux will change more than distillate, giving the effect of lead-lag action.
A control system embodying both Eq. (818) and (819) appears in Fig. 86.

FZ = D* /Fo
k)
3 " D Distillate
Fead . e flow
orifice o Tl LA X Bel 3¢ so-[ LY sot point o
differential = Z} reflux flow
Feed z [ controller
composition
Product y [AC\ m L
composition \__/
Accumulator (LC)
level R

Fig. 8.6. When heat input & fixed, a nonlinear model & needed, with dynamic compensation
provided by the accumulator.

3. Feedback from Product Quality

Product quality can be determined on the basis of a physical-property
measurement, or by analysis. In the former category are measurements of

| boiling point, vapor pressure, density, and refractive index, with boiling
| point being the most common. These measurements are only indicative of
true composition of binary systems, and even then are subject to errors

caused by changes in temperature or pressure. In some cases, however, it i
the physical property itself, rather than composition, which is to be con-
trolled. This & particularly true of complex mixtures such as petroleum
fractions, which are to be used as is, rather than be separated into their
components.

Any measurement which can be inserted directly into the process, such as
a temperature bulb, ¥ much more responsive than one which requires a
sample to be withdrawn. This is the principal failing in analyzers that are
used for column control. A sample must be withdrawn, transported to the
analyzer, conditioned, and analyzed, which may take several minutes.
Therefore a typical period of oscillation of a feedback loop containing an
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analyzer would be 60-90 min, compared to 20-30 min for a temperature-
control loop on a column. Reference (3, p. 102) indicates that the performance
of a control loop, as measured by the time integral of deviation from set
point, varies with the square ofthe dead time in the loop. Since the period is
directly proportional to the dead time, an analyzer loop sustains perhaps
nine times the integrated deviation that a temperature loop would on the
same process.

But where temperature measurements lack the sensitivity and accuracy
required by a-picular separation, an analysis is required. An effort should
be made to keep sample lines as short as possidle, to transport vapor rather
than liquid to the analyzer, and to minimize the response time ofthe analyzer.
Sharing an analyzer between two columns may be economical, but it can be
detrimental to control. Cascading an analyzer controller to a temperature
controller can provide the accuracy of the analyzer with the responsiveness
of temperature control.

The response of a loop containing a sample-and-hold device such as a
chromatographic analyzer may be improved by using a sampled-data
controller. Rather than operating continuously on progressively older
information, the controller is placed in automatic only for a short interval
after receiving a new analysis. It moves its output proportional to the
deviation, and then is returned to manual, holding its present output to
wait for another analysis.

An investigation of the steady-state gain of distillate composition to
distillate. flow reveals a variability:

dyh/d(D/E) ex Yhix, (820)

As Y, decreases, it responds less to manipulation in D, and, as it increases,
it responds more. This characteristic reveals itself in a nonsinusoidal oscil-
lation having flat valleys and sharp peaks.

This nonlinearity has been successfully compensated by dividing the
composition measurement by itself plus the set point; the result is then
applied as the controlled variable to a controller having a set point of}- The
deviation developed at the controller is then

e = Yhigh +Y) - 1 (821)

The gain of e with respect to Y}, now varies inversely with Y, as required to
provide a uniform loop gain. And when e =0, Y, =y:. This compensation
appears in Fig. 87. The other composition loops are troubled by the same
variability, and may be similarly compensated.

If the distillate is a final product with a purity specification, set point y:
should be calculated from the purity set point yf and a measurement of the
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Fie, 8.7. This system compensates the feedback loop for variations in process gain with
composition.

uncontrollable impurity y,;.

J y:= - yf- Yoyg ver (822)

The last term in (822) represents the impurity limit set on the controllable
component. The system required to implement this function is shown in
Fig. 88. In the event that optimization is possible, the optimum set point
»:, calculated for the controllable impurity would also be introduced into
the selector as shown.

Set point to
feedback controls

wh
Optimum Yho yhe ¢ Controllable
set point --- "™ < Ie impurity

| limit

-y Yu
Uncontrollable YiL _Z _ Yl Purity
impurity -- ™| set point

T

Fig. 8.8. This system is devised to generate a set point which will satisfy the more stringent
of two specifications, plus optimization, where applicable.

For an intermediate product, the ratio of the key components should be
controlled. The set point for the key impurity would then be generated from
a measurement of the other key, as

Xj =rXh (823)

where r* is the desired ratio of the two components in the final product
whose principal constituent is x;,.
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C. ENERGY-CONSERVATION TECHNIQUES

The second half of this chapter is devoted to energy conservation and
energy recovery. There is a subtle but important distinction between them.
By energy conservation & meant that the separation itself is performed with
a reduced consumption of energy, by being operated more efficiently.
Energy recovery entails the reclamation of heat either from the products or
_from some.oth r process, to provide part of the energy used in the separation.
While their objéctives remain the same, and their results may be comparable,
recovery brings-with it an interaction between the column being controlled
and the source of heat.

For these and other reasons, it will be found more effective to improve a
column's efficiency first, and then consider recovering heat.

1. Floating-Pressure Control

Most volatile mixtures are easier to separate as their pressure is reduced,
becau-se of a favorable change in relative volatility with pressure and tem-
perature; as described in Example 84. Advantage may be taken of this
property during hours when the heat-removal capacity of the condenser i
more than sufficient to keep the column pressure under control.

Most columns are pressure-controlled by manipulating the condenser in
some fashion. The coolant or the condensate may be throttled as shown in
Fig. 1.5, or the vapor may be throttled and/or bypassed around the condenser.
A less satisfactory method involves pressurizing the condenser with a non-
condensible gas, which is vented should the pressure rise too high.

In every case, the application of controls raises the column pressure higher
than it would be ifthe condenser were left unrestricted. The cost of increasing
the irreversibility of this heat-transfer process i the use of more energy to
make the separation than would be required if the column were operated
at minimum pressure.

It & not possible to predict with certitude exactly what the minimum
pressure might be at any point in time. However it & relatively easy to cuntrol
a column at the minimum pressure simply by driving the pressure control
valve to an extreme position. Care must be exercised not to forego pressure
control altogether, however. In the absence of control, the pressure in some
columns has been observed to oscillate due to interaction between the
condenser, overhead accumulator, and reflux flow. This oscillation can be
eliminated with tight pressure control.

Another problem is the severe upset that can develop when a fan condenser
is exposed to a sudden rainstorm. The efficiency of the condenser increases
markedly when it is wet, and the resulting increase in heat-transfer rate can
cause pressure to fall rapidly. In the absence of control, the falling pressure
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will reduce the boiling point of the liquid throughout the column, converting
sensible heat to latent heat. The resulting temporary increase in the rate of
boiling has been known to flood a column.

These problems may both be avoided by controlling pressure in the short
term, while minimizing its set point in the Jong term. Figure 89 shows how
this i accomplished. A conventional pressure controller operates the
condenser throttling and/or bypass valve in the usual manner. The controller
output is then sent to a valve-position controller, which slowly manipulates
the pressure set point until the valve(s) are driven to a specified position
near the limit. For example, a condenser bypass valve would be driven
gradually to a 10% open position by adjusting the pressure set point. This
margin s allowed so that the pressure controller is able to respond to small
upsets in either direction; large upsets are likely in the direction of decreasing
pressure, in that weather conditions are likely to deteriorate more rapidly
than they improve. A sudden rainstorm will cause the bypass valve to open
to keep pressure from falling. Then the pressure set point will gradually be
reduced until the valve has returned to its set position. The response of valve
position, and hence pressure, to a step change in cooling availability is
exponential, having a time constant equal to that of the integral mode of the
valve-position controJler.

><::>
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Fig. 89. The valve-position comroller acts to keep the vapor bypass valve nearly closed in
the steady state.

The improvement in relative volatility brought about by the pressure
reduction will appear in improved quality of one or both products, unless
quality control ® enforced. If it is enforced, then the results of reduced
pressure appears as a savings in energy. There are some problems associated
with bringing this about, however.

Quality-control loops tend to be slow. Ifa change in column pressure is
to avoid causing undue variations in product quality, the integral time of
the valve-position controller must be an order of magnitude longer than that
of the composition controllers.

The speed of response of the entire system may be increased through the
use offeedforward control. It is possible to calculate the relationship between
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Table 8.2

Heat-Input-to-Feed Ratios for
Pentane Sepllration

Temperature Pressure H,
('F) (psia) (Btu/lb) « ¥ H{
140 3 135 125 0.600 810
120 28 139 128 0.521 724
+'100 20 143 1.32 0.440 629
. u 146 135 0.392 572

the heat-input-to-feed ratio, and column pressure, to apply feedforward
control. Equation (8.14) stated the heat input required to reach a given
separation. For a constant separation, then, Q*/F varies directly with H./J.
Table 2 iits H{3 versus pressure and temperature for n-pentane-
iso ntane' splitter having 70 theoretical trays. Equation (8.10) was used to
make th- calc,ulations.

When-H,/J is plotted against pressure as in Fig. 8.10, the points fall in a
straight line. (The small amount of scatter appearing is due to the values of
exand H. being available in only three significant figures.) The line can be

;90 =
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Column pressure, psia

Fig. 8.10. The energy required to separate a unit of feed can be expected to vary linearly
with column pressure.
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represented by an equation of the form

H3 =k,(p T k) (824)

This particular form was chosen to separate parameters peculiar to the
column from those peculiar to the components. Terms H. and a are charac-
teristic of the key components, and their variation with pressure bears on
both k, and k,eHowever the number of trays and their efficiency do not
uniquely vary with pressure, and therefore affect only k;- For the n-pentane-
isopentane separation, k; is 43.7 psi; k; must be left adjustable to allow for
variations in column parameters.

Figure 8.11 describes a feedforward system for control of bottom compo-
sition, using column pressure and feed rate to manipulate heat input. This
system actually contains a positive feedback loop in that column pressure
tends to increase with heat input. But the regulation ofthe pressure controller
of Fig. 89 can overcome any stability problems that may appear. Pressure
can only change as fast as the valve-position controller will allow. So proper
selection of the integral time constant will provide stabilization, without the
need for additional dynamic compensation.

The energy savings attributable to increased cooling availability may be
estimated through the use of Table 82. Consider that an air-cooled condenser
removes heat to the surroundings at 90°'F under design conditions. As
ambient temperature falls at night, or with changes in weather and season,
the pressure could be maintained at its maximum of 38 psia by bypassing
the condenser or turning off fans, or both. This is the conventional operating
practice. If instead, floating pressure control & applied, reflux temperature
and column pressure will follow changes in ambient temperature. At lower
pressures, less energy is required to make the separation, which reduces the
temperature difference across the condenser, allowing a closer approach to

Column P oh = Q. To
pressure "‘ZX >< heat -input
controller
kg F(t)
A5 £(1)
X —1 £
Bottom Feed
composition rate

Fig. 8.11. This system automatically adjusts heat input as pressure changes, thereby saving
energy without upsetting product quality.
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Table 8.3

Heal Input versus Ambient Temperature for
Air-Cuoled Columns

Reflux Heat input Ambient
temperature ( F) (% of base) temperature (' F)

v 140 100 90
L 120 89.4 753
100 77.7 612
i 80 70.6 447

ambient. Following this line of reasoning, Table 83 was prepared, listing
the ambient, temperatures that correspond to the column pressures of
Table 82. e

The aerage reduction in heat input is 0.652¢fF reduction in ambient
temperature. These savings compare favorably with the 0.72%/°F predicted
for a depropanizer in Ref. (2), and 068%/ F for a deisobutanizer in Ref.
(1, p. 214). Actual operating experiences generally confirm these estimates.

Distillation experts express concern that reduction in pressure will bring
a column closer to flooding. In actual practice, however, the boilup required
to maintain a constant separation decreases more with pressure than does
the calculated flood point. The pentane splitter operates farther from its
flood point at 14 psia than at 38 psia. The difference & even greater for lighter
hydrocarbons. However feedforward adjustment of boilup from column
pressure is necessary to avoid a temporary flooding condition in columns
separating butanes and heavier components. Otherwise pressure could fall
fast enough to cause flooding before a commensurate reduction in heat input
could be made. Columns separating propane and lighter components over-
head do not need this protection, since the heat input at which they flood
increases as pressure is reduced, as described in Ref. (4).

Some columns are equipped with partial condensers, with pressure being
controlled by continuously venting noncondensible components. A reduction
in condenser temperature under conditions of constant pressure will raise
the vapor pressure of the distillate product. To avoid this, many processors
control reflux temperature by bypassing or throttling the condenser.

Vapor pressure can be controlled without bypassing or throttling if
column pressure is set in accordance with condensate temperature as shown
in Fig. 812. The relationship between pressure set point and measured
temperature should be adjusted to follow the desired product vapor-pressure
curve. Over the range of temperatures normally encountered, the relationship
is essentially linear.
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Fig. 812. Column pressure should be set by condensate temperature, to control its vapor
pressure.

The same sort of relationship must be used if temperature control is
applied to any column whose pressure is variable. The temperature measure-
ment may be compensated for variations in pressure from base (b) conditions:

b7+ 4 @ g (825)
p *

where the partial derivative represents the slope of the vapor-pressure curve
for the desired product composition x* Measured variables are temperature
T and pressure p and T, is the temperature which would be measured if the
pressure were controlled at p,,

Another technique involves the measurement of differential vapor pressure
(5. A temperature bulb partially filled with a sample of the product is
connected to one side of a differential-pressure transmitter. The bulb i
inserted at an appropriate point in the column, with the other side of the
transmitter connected to the column at the same elevation. The transmitter
then reports a difference in vapor pressure between the liquid in the column
and the liquid in the bulb. It has been found particularly effective in control-
ling the proof of distilled alcohol products.

2. Heat-Pump Systems

Heat pumps are being used for separation between close-boiling compo-
nents such as propane and propylene, and normal and isobutane. Overhead
vapor is compressed, raising its pressure and temperature to the point where
it can transfer heat to the bottom product. It is then condensed by reboiling
the bottom product, with the condensate returned as reflux, as shown in
Fig. 8.13.

The relationship between work and heat transfer was given in Chapter 5:

-W=Q(T.- T)/T. (826)



274 8. Distillation
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Fig. 8.tj. Ovrneall vapor is compressed enough to raise its boiling point above that of the
bottom product; the net energy input of the compressor is removed by cooling.

where Q is the heat removed from the vapor condensing at T,, T, is the
overhea,d vapor temperature in absolute units, and 1 is the efficiency of the
cycle. The heat pump is most attractive where T, - Tv is small, and Qc is
large, as jn. the separations mentioned above.

As an example, consider the separation between propane and propylene.
If Tc can be held at 70°F, the pressure i the column will be about 152 psia,
the vapor pressure of pure propylene. At a maximum vapor load, a typical
perforated triy will develop about 2 in. of water differential pressure. A
column with 110 trays would then develop perhaps 220 in. or 8 psia differ-
ential. Propane at the bottom of the column would then boil at 8°F at
160 psia. Reference (6) gives the optimum temperature difference across the
reboiler tubes as about 16°F for smooth tubing and 8°F for high-flux tubing,
The temperature difference T, - T, would then be 3 and 27°F, respectively,
for the two types of tubing. Using an efficiency factor 0f70%,

- WIQ. = 35/0.7(530) = 0.094
for smooth tubing, and
- WIQ. = 27/0.7(530) = 0.073

for high-flux tubing. When corrected for the 3-to-1 relationship between fuel
heat content and work content, the amount offuel energy required to transfer
a unit of heat is only 0.28 and 0.22 for the two cases.
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If a heat pump were applied to the propane-propylene column of Fig. 83,
the work required to separate 11b-mol offeed with high-flux tubing would be

I';W: . (;' '): 24,600(0.073) = 1790  Btu/Ib-mol

Using a heat-sink temperature of 70°F (cooling water) the entropy increase
in the surroundings experienced using this amount of work is

-W 1790
T, 460+ 70

This increase in entropy is only 27 times the entropy reduction in the
separated components, compared to the 7.7 factor using low-pressure steam
as a heat source. Heat pumps are thereby demonstrated to conserve entropy.

Bear n mind, however, that columns separating these components may
not typically be supplied with fuel energy but often with waste heat from
somewhere in the plant. This could tip the balance away from using a heat
pump.

External cooling is necessary to remove the energy introduced by the
compressor, and to adjust for differences in sensible heat between feed and
products, and heat losses. A pressure controller is shown manipulating
cooling just as in a conventional column, although the size of the cooler is a
small fraction of the size of the condenser-reboiler. Boilup rate is set by the
speed of the compressor.

Reference (6) lists some further opportunities for improved efficiency. A
small second stage of compression can be added to pump heat to the external
cooler, reducing the pressure of the column and the condenser-reboiler. This
can lower fabrication costs and improve relative volatility, which in turn can
result in fewer trays or reduced energy requirements. Through the use oftrays
with lower operating pressure drop, T. - T. can be reduced further.

Finally, floating pressure control i as applicable to the heat-pumped
column as to any other. A reduction in coolant temperature will allow a
commensurate reduction in column temperatures, even if a second stage of
compression is used. But because only a small fraction of the heat flowing
through the column is removed by the condenser, the response of pressure
to disturbances in the cooling medium will be an order of magnitude slower
than for a conventional column.

AS= = 339 Btu/Jb-mol-°F

3. Compressor-Expander Systems

Cryogenic processing needs to be energy-efficient to be viable at all. As a
consequence, considerable effort has gone into building expansion turbines
for such gases as nitrogen in air-separation units, and methane in condensate
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recovery plants. Figure 814 describes a plant using an expander to help
recover light hydrocarbons (condensate) from natural gas in a stripping
column.

Natural gas at 1000 psig and ambient temperature is cooled counter-
currently against stripped methane to about - 100°F, causing heavier com-
ponents to condense. These components are then fed to the column under
level control. The vapor phase is expanded through either an engine or a
valve. The engip.e recovers work for recompressing the stripped gas, and in so
,doing condenses about 30% ofits vapors, according to Ref. (7). Some lique-
faction also takes place across the valve due to the Joule-Thompson effect,
but because no energy is extracted only about 104 of the discharge & liquid.
For maximum performance, the valve should be closed, yet it is useful in
controlling pressure by adjusting the energy balance i the process.

1f pressure must be controlled, a valve-position controller should index
the set point to eep the bypass valve in a nearly closed position. The pressure
set point will then vary with throughput, and feed gas temperature and
pressure.

Because of the limited efficiencies of both the expander and its attached
compressor, the product gas can only be restored to a fraction of its supply
pressure. A motor-driven compressor is then needed to restore the product

Notural gas 300psig, - 160°F
1000 psig /B Stripped
oy =
i (Bt 400psig 1000 psig
Hot
Cold
glycol glycol
-100°F

glycol
Ethane

and heavier

Fig. 8.14. Pressure in the stripping column can be controlled by th expander bypass valve,
but at the cost of losing both reflux and shaft work.
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to line pressure. Waste heat from recompression can be used for reboiling
as shown; a glycol water solution is the heat-transfer medium because water
would freeze at the reboiler temperatures encountered.

Because the bottom product is only a small fraction of the feed, it can be
manipulated quite accurately to control its methane content. This places base
level under control of boilup to balance the variable amount ofliquid flowing
down to column.

D. ENERGY RECOVERY TECHNIQUES

The last example smacks of energy recovery, and possibly might have been
included under this heading. Yet recovery systems have the unusual property
of introducing potential dynamic instability. If energy is recovered from a
product to a feed, a feedback loop is formed, in some cases negative, in others
positive. Double-effect systems are characterized by parallel flows of mass
and energy, requiring balancing for quality control. And when energy is
recovered from one process for use in another, control loop interactions can
arise. Each of these situations is examined with an eye to maximize efficiency
without sacrificing stability.

1 Regenerative Heat Recovery

The most common example of regenerative heat recovery is the use of
bottom product to preheat the feed to a column. Occasionally the bottom
product will come from a downstream column, but usually it is from the same
column the feed enters. Often a steam-heated exchanger will be used for
additional preheat.

The stability problem is caused by feedback from bottom heat, which
changes the liquid-vapor distribution in the column. For example, a rising
base level will cause the level controller to increase bottom-product with-
drawal. This increases heat transfer to the feed, thereby reducing the liquid
flowing into the column base. The sense of the feedback loop is negative in
that it will lower base level just as increasing product withdrawal does.
However the feedback is delayed by the response of the heat exchanger and
the trays in the lower section of the column. A deviation in base level may
already be corrected by bottom-product flow before the effect of feed preheat
arrives-then an overcorrection results.

Whether this loop is sufficient to destabilize base level depends on the
characteristics of the reboiler. With a thermosyphon reboiler, a level is
maintained in the base of the column, which tends to have more capacity than
the reboiler. However, with a kettle reboiler, the column base is empty, and
level control is confined to a small volume at the end of the reboiler. Because
of the small capacity of the chamber where level is measured, kettle reboilers
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are much more difficult to control than other types, and are susceptible to
destabilization through the preheater.

Detuning the level controller does not solve the problem-it only causes
wider and slower fluctuations. Stability can be provided by tightly controlling
feed temperature. Because the period of the temperature control loop is much
shorter than the feedback loop through the column, the slow level cycles are
eliminated. However in order to control feed temperature, some of the bottom
;heat must be rejected.

Figure 8.15:shows how to maximize heat recovery without sacrificing
stability. The set point of the feed temperature controller is adjusted by a
valve-position to keep the valve nearly full open to the preheater
in the steady state. This system functions identically to the floating pressure
control system. A set point of about 90% is recommended for the valve-
position controller to allow an adequate margin for the temperature con-
troller to fnction properly.

Feed-

Bottom
Product

Kettle
reboiler

1 = input

Fig. 8.15. Regenerative preheating requires tight temperature control to stabilize the level
loop; heal recovery is maximized by the valve-position controller.

An alternate installation uses two preheaters: the first recovering all
available heat from the bottom product; the second adding preheat from
steam, under temperature control. The same systelQ can be used for the
steam-heated exchanger. The position of the steam valve can be held at 10%
open in the steady state by manipulating the set point of the temperature
controller. In this system, heat recovery is already maximized-the valve-
position controller functions to minimize steam usage.

2. Double-Effect Operation

Distillation columns can be cascaded like evaporators, with heat and
process streams flowing cocurrently, countercurrently, or with process flow
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split between parallel units. The series cocurrent configuration shown in
Fig. 8.16 is probably the most common. It is used to separate three products
from a multicomponent feed.

The boiling point of the intermediate product at the bottom of the second
column tends to be higher than the dew point of the overhead vapor from the
first. In order to transfer heat from the first column to the second, then, the
first must operate at a higher pressure. But the pressure in the first column
cannot be controlled by manipulating the valve feeding the second. If the
pressure in the second column is constant, then the pressure in the first as
determined by its condenser temperature will therefore vary with heat load
and intermediate-product composition. If the valve feeding column 2 is
manipulated to hold the pressure in column 1 constant, composition in the
condenser-reboiler must then change with heat load.

Ideally, the pressure in column 1 should not be controlled at all, but should
float on the condenser-reboiler. Pressure in column 2 may be controlled, but
energy will be saved if it also is allowed to float on its condenser. A floating
pressure control system as in Fig. 89 should be applied to column 2, with
feedforward control from column 1 pressure applied to its reboiler, as in
Fig. 8.11.

A second cont.col problem is the inability to manipulate boilup indepen-
dently in the second column. An auxiliary reboiler is indicated in Fig. 8.16,

—-—(\3\_. Cooling

Light product

Heat
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Heavy product LJ Intermediate product

Fig. 8.16. All of the energy used to boil-up the first column is transferred to the second.
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but its use defeats the purpose of double-effect operation. Column 1 boilup
can be adjusted to control the intermediate key in the heavy product, with
feed to the second column manipulated to control the heavy key in the inter-
mediate product. The material balance in column 2 may control either the
light key in the intermediate product or the intermediate key in the light
product, but not both at the same time. Iffeed composition is uniform, control
of one will regulate the other. If it is variable, a decision has to be made
regarding which. of the two product specifications must be sacrificed. If one
;product is mora valuable, its quality must be controlled at the cost of losses
in the other product, when separation is inadequate. In effect, the series-
cascaded columns are controlled like a single sidestream column.

Parallel cascading, as shown in Fig. 817, introduces a balancing problem
as well as a pressure-control problem. The first-effect column must operate
at higher pressure than the second effect, as with the series cascade arrange-
ment, and may % allowed to float on the condenser-reboiler. If the columns
have the sae number of trays, the Q/F ratio in column 1 must be leslthan
that in column 2 because of the reduced relative volatility at the higher
pressure-..since. heat flow Q is the same through both, their individual feed
rates must differ as shown in the figure.

Energy usage will be minimized if all compositions meet specifications.
In absence of hard specifications on one product, streams from parallel
columns sho'uld still have identical compositions if they are going to the same
place. If the characteristics of the columns are similar, there should be no
difficulty Jn matching separation factors, simply by maintaining a constant
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Fig. 8.17. In a parallel double-effect system, the feed rates must be properly balanced to
achieve identical separation from the same heat flow.
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ratio of the two feed streams. Variations in feed composition, feed rate, and
pressure should affect both equally, so that readjustment of the feed ratio
would seldom be required. The heat input of column 1 could be used to con-
trol its bottom-product composition, and that of column 2 should simply
follow it.

If the same heat source and cooling are applied to the columns in Fig. 817
as to the single column of Fig. 83, the heat requirement and entropy gain are
both reduced to 53% of that ofthe single column. Thus double-effect distilla-
tion does, like evaporation, reduce heat input requirements almost in half.
The 53% factor does not include heat losses, however, which were included
in the discussion on heat economy of evaporators.

Multiple-effect distillation conserves entropy by making use of the avail-
able work in the heat source. If water at 140°F were the heat source, only a
sigle propane-propylene column could be reboiled because the water
would not have enough available work. Perhaps the greatest contribution
of multiple-effect operations is to make use of the avilable work that exists in
heating media, and to draw attention to its importance in designing a process.

3. Coupling Unrelated Columns

Reference (8) describes a procedure for arranging two-product towers to
separate a multicomponent feedstock at minimum cost. The program in-
cludes energy integration, where the condenser of one column is the reboiler
of another. This goes a step beyond multiple-effect distilla tion in that the
coupled columns may not be in either a direct serial or parallel tlow pattern.
Furthermore, heat duty may be split-the overhead vapor from one column
could be used t reboil two other columns.

When heat integration is as intensive and varied as this, the sources and
sinks may be considered as completely unrelated, regardless of whether they
actually are. The point remains that they have the capability of disturbing
one another, and this interaction must be removed, regardless of whether it
includes feedback loops within the process.

A case in point i the use of heat rejected by an atmospheric crude-oil
column to reboil the debutanizer in Fig. 818. The debutanizer may be
refining the light naphtha cut from the crude column, or processing a com-
pletely different stream. Disturbances in the crude column can upset the
vapor loading in the debutanizer, and changes in the heat demand of the
debutanizer can affect reflux in the crude column.

Figure 818 shows two control systems designed to eliminate this inter-
action. Differential pressure measured across the debutanizer indicates its
vapor flow, similar to pressure drop across an orifice. Perforated trays
probably give the most consistent relationship between vapor flow and
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Fig. 8.18. eat removed from a crude column to adjust internal reflux may be recovered
to reboil a di;buta izer.
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differential pressure, with some influence from liquid flow. Valve trays tend
to regulate differential pressure, so that it changes little with vapor flow over
the range where the valves are partly open. However, many valve-tray
columns are operated at rates where the valves are fully open, and differential
pressure is again proportional to vapor flow.

The differential-pressure transmitter must be correctly installed to provide
an accurate indication of boilup. Vapors will tend to condense in the lines
leading to the transmitter, causing measurement errors. For best results, the
low-pressure connection should be as close to the process as possible; con-
necting to the vapor line entering the condenser as shown in Fig. 8.19 will
minimize the physical elevation of the transmitter. The line connecting the

iy

0 )
; S
Insulation  Condenser

Fig. 8.19. The connecting line should be %,n. pipe or larger, should drain freely, and be
insulated to minimize refluxing.
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base ofthe column to the higher-pressure tap should be ofV-in. pi, . or larger,
and drain freely. Insulation will minimize refluxing in this line, improving
the quality ofthe signal. Stop valves should be of'the ball type, which features
a line-size unrestricted opening. A bypass valve allows adjusting the zero
calibration of the transmitter while the column is operating. Purging the
connections with inert gas is not recommended, as it raises column pressure,
reducing relative volatility, and carries away product when vented.

Figure 8.18 also shows a heat-flow controller to isolate the crude column
from changes in heat flow to the debutanizer. Its input is calculated from a
measurement of recirculation flow rate and temperature difference. Whatever
heat s not needed by the debutanizer is sent to the feed preheater to maintain
a constant rate of heat removal. A temperature controller at the outlet of the
fired heater adjusts fuel flow as necessary to compensate for variations in
preheater outlet temperature. If variations are severe, feedforward control
can be added to manipulate fuel flow from a measurement of preheater outlet
temperature.

While this discussion centered on transferring of heat from one column to
another, the same approach applies to the use of any waste heat source for
reboiling a column. In olefins plants, it s common to use hot water from
quenching the products from the cracking furnaces to reboil the propane-
propylene column. Because this source of energy is fiee, its use may result in
a lower-cost installation than a heat-pumped column. But waste heat tends
to be variable in temperature and flow. A differential-pressure control loop
as shown on the debutanizer in Fig. 8.18 has been very succe sful in regulating
the flow of waste heat to a propane-propylene column.
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Heating, Ventilating, and
Air-Conditioning

Much of our fuel is consumed in attempting to provide a comfortable envi-
ronment for the occupants of homes and buildings. The word "attempting"
is used intentionally in that the conditions within which one must live and
work are a frequent source of complaint for most of us. In many cases, the
complaints arejustifiable in that the heating, ventilating, and air-conditioning
system-hereafter abbreviated HVA C system-is deficient in one or more
respects. But comfort & also a subjective issue--conditions that are com-
fortable to one individual may not be to others.

Energy conservation in HVAC systems must be approached from three
directions. The equipment must be designed and configured for maximum
efficiency: it must be controlled for minimum energy expenditure consistent
with its objectives, but of equal importance is the proper conditioning of the
occupants. As the seasons change, the metabolism of warm-blooded creatures
slowly adjusts. An unseasonably cool day in the summer can cause more
discomfort than a colder day in midwinter, because of the relative condition
of blood viscosity and other parameters which affect metabolic heat transfer.

In attempting to create uniform indoor conditions year round, the HVAC
engineer is doing a disservice to the occupants. A person living in 60-65-°F

~ e
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surroundings will be less affected upon exposure to 0-25-"F outdoor tem-
peratures than one living in a 70-75-"F environment. He will also be less
susceptible to illness and use less fuel. Because energy usage depends heavily
on behavior patterns, this chapter opens with a discussion on comfort-what
it means and what it costs.

A. DEFINING A COMFORTABLE ENVIRONMENT

In other applications described earlier, specifications of control set points
were generally accepted, and systems were developed to maintain variables
at those set pbints with the least flow of energy. In HV AC systems, however,
the controlled variables of temperature, air velocity, and humidity combine
to produce- comfort conditions that are largely subjective. The first step in
defining comfortable conditions begins with an examination of the metabolic
functions of tle human body.

1. Metabolic Functions

The 11tman' body is equipped with a very sensitive and reliable system to
control its core temperature at 98.6° F. Heat is generated within the body by
metabolism-the oxidation of food-and released by heat transfer. The
metabolism ofhumans at rest, referred to as "basal metabolism," lies between
300 and 400 Btuth for the average man. It is slightly less for women and
elderly persons, and somewhat greater per unit body surface area for children.
Basal metabolism is not appreciably affected by ambient temperature over
the normal comfort range of 60-85°F. However exposure to lower tem-
perature will promote muscle tension increasing metabolism, and higher
temperatures will bring about inactivity and fatigue, decreasing it.

The level of work activity has a pronounced effect on heat generation.
Men absorbed in vigorous physical labor can generate as much as 1300 Btu/h
of heat. While such an individual can remain comfortable in ambient tem-
peratures below 30" F, his production will begin to decline when the ambient
exceeds 6 F. Although most HVAC systems are applied to residences,
schools, hospitals, offices, etc., where occupants are essentially at rest, this
factor needs to be considered for other working environments.

In the ambient range up to & F, body core temperature of the adult at rest
is controlled by manipulating heat-transfer through a combination of radia-
tion and convection. The relationship between heat-transfer rate by these
mechanisms and ambient temperature is essentially linear, falling from
perhaps 400 Btu/h at 55°F to zero at 9°F. At temperatures below 8 °F,
perhaps 100 Btu/h of heat is lost by evaporation, principally in exhalation.

T
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Above this point, evaporative losses begin to increase sharply, eventually
carrying the full heat load at 9°F. For persons at work, the rate of evapora-

tion begins to increase at a lower temperature, in proportion to the metabolic
rate.

2. Effective Temperature

The differences between these heat-transfer mechanisms bear heavily on
the condition of the air which feels comfortable to an individual. In a cool
environment, blood vessels are constricted, reducing the temperature of the
skin. This action compensates for the low air temperature, keeping the heat-
transfer rate close to the metabolic rate. Clothing reduces the skin area
exposed to heat transfer.

If heat is being applied to a room to maintain a controlled temperature,
increasing air velocity will improve heat transfer from the heating coils to
the room air, but also from the body to the air. Moving air makes a person
feel cool by increasing the rate of heat transfer from the skin. Comfort then
requires higher air temperatures when air velocity is high. Furthermore,
moving air also promotes heat losses through outside walls and windows.
To conserve energy during the heating season, airflow should be minimized.

A term called "effective temperature” was coined by the American Society
of Heating, Refrigeration, and Air-Conditioning Engineers (1) to describe a
particular degree of comfort, related to wet-bulb and dry-bulb temperatures,
and air velocity. In still air (15-25 ft/min) at its dew point, the effective
temperature is equal to the dry-bulb temperature. Lower humidities and
higher velocities will reduce the effective temperature. To determine the
conditions that constitute a particular effective temperature, people were
asked to compare the comfort of a test room against that of a room con-
trolled at 1001/, humidity and having negligible air movement. When they
felt equally comfortable i each, the conditions n the test room were con-
sidered to produce the same effective temperature as in the controlled room.

The effective temperatures recommended by the ASHRAE n 1959 (2) were
alow of 6 F i winter and a high of 2 F in summer. The winter figure is
n@w considered higher than necessary and desirable for conservation. A
value of @ F is more i line with current goals, and even lower tempera-
tures may be requested i the future. In countries where energy has histor-
ically been scarce and costly, lower temperatures are common.

As the effective temperature in homes, schools, and workplaces is moved
closer to outdoor temperature, there will be less shock to the metabolic
system as people travel from place to place. Additionally, clothing can be
worn that will be equally comfortable at home, outdoors, and at work. While
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conserving fuel, these conditions are, in the experience of the author, also
more healthful. :

During the cooling season, an effective temperature of about 73 F seems
most conducive to a high level of production in work areas (2). While people
can wear heavier clothing against a decreasing effective temperature, their
response to an increasing temperature is more limited, and the temperature
at which productivity begins to fall is not likely to change. However an
effective te!]I'perature of 73 F is still much higher than that maintained in
many modern air-conditioned buildings. A controlled dry-bulb temperature
of B8°F, for example, can produce an effective temperature of only 68.5°F
in a typical air-conditioned space where the relative humidity is maintained
at 50%, and the air velocity is 300 ft/min.

A very important step in conserving energy is to enforce an effective tem-
perature of 2 F while heat is being applied, and 73 F while cooling is used.
When neither are required, the effective temperature can be free to float
between these limits. The next consideration is to select sets of conditions
that produU; the specified effective temperatures with a minimum of energy.

3. The Heating Season

Table 9.1 compares the enthalpy and dry-bulb temperature against effec-
tive temperature for still air (15-25 ft/min) at 30% R.H. Air enthalpy is an
indication of how much heat must be supplied to elevate the outside air to
the stated conditions. Outside air in the wintertime, with a 30°F dry-bulb
tempe;ature and a relative humidity of about 50"4, will have an enthalpy of
9 Btw/lb. To heat this air to an effective temperature of 66°F versus @°F
requires 21% more energy. Furthermore, convective and conductive heat
losses from a building at 72°F to the outdoors at 30°F are 15% higher than
from the same building at 66.5°F. Therefore, the use of 2°F effective tern-

Table 9.1

Enthalpy and Dry-Bulb Temperature versus Effective
Temperature in Still Air at 30% Relative Humidity

Effective temperature Dry-bulb temperature Enthalpy

('F) ('B) (Btu/1b)
66 720 26
64 69.0 214
62 66.5 202
60 635 19.1
8 61.0 181
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perature rather than 66°F can save between 15 and 21% in fuel consumption,
depending on the relative magnitude of convection and conduction versus
infiltration losses.

Table 9.2 illustrates the influence air velocity has on maintaining an effec-
tive temperature of @°F. Approximately 32% more energy is required to
heat outside air at 30°F and 50% R.H. to a @F effective temperature at
500 ft/min as would be required in still air. Furthermore, heat losses by con-
vection and conduction are 22% higher at 500 ft/min due to the higher dry-
bulb temperature, without taking into account the effect of the velocity on
heat transfer. All things considered, as much as 30-35% more energy may
be required to maintain 62°F effective temperature at 500 ft/min than in
still air.

Table 9.2

Enthalpy and Dry-Bulb Temperature Required for
62°F Effective Temperature at
30% Rdative Humidity

Velocity Dry-bulb temperature Enthalpy

(ft/min) ('F) (Btu/Ib)
20 665 202
100 ® 213
300 725 28
500 745 238

While minimum effective temperature and air velocity both result in en-
ergy savings, the role of humidity s not as clear. During the heating season,
inside air tends to be quite dry because of the low absolute humidity of the
outside air. Outside air at 30°F dry-bulb temperature and 50% R.H., will
decrease to only 15% R.H. when heated to 67.5°F, which would be required
for 62" F effective temperature in still air. This is a typical value for humidity
inside heated buildings in northern U.S. winters.

Lower temperatures become more comfortable as humidity is increased,
as indicated in Table 9.3. While this would appear to save heat losses through
conduction and convection, the higher enthalpy of the air augments infiltra-
tion losses. Compare heat-transfer losses to infiltration losses for inside air
at 50% and 10% R.H., with outside air at 30 F and 50% R.H. Inside air at
50% RH. has 58% more heat loss through infiltration, and only 8.6% less
heat loss through conduction and convection.

If the rate of air infiltration through a building can be kept very low, then
a high humidity level can be maintained, with a reasonable expenditure of
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Table 93

Enthalpy and Dry-Bulb Temperature Required for
62°li Etfeetive Temperature in Still Air

Relative humidity Dry-bulb temperature Enthalpy

(%) @ (Btu/Ib)
100 & 278
o & 25!
5 & 26
k) 665 202
0 68 176

energy. This could be particularly important in a building with considerable
glass or metal, surfaces, whose heat losses are great. But where rapid air
changes lire necessary, as in a chemical laboratory or a gymnasium, a high
humiqity cannot be economically maintained.

Extremely 19w humidities create problems with the genera'tion of static
electricity, deformation of wooden structures, and irritation of skin and re-
spiratory tissues. Overnight reduction in dry-bulb temperature can moderate
these effects to a certain extent. Yet it appears to be desirable to maintain a
minimum relative humidity of about 30% during the heating season. Again,
the optimum value will vary with the relative rates of heat loss by convection
and conduction, compared to infiltration.

The rafe of ventilation maintained in a building has a substantial impact
on heating requirements, and also bears directly on the optimum humidity.
ASHRAE recommends a minimum of S ft3/min fresh air per person for non-
smoking areas and 25 ft®/min for smoking areas. The General Services
Administration (3) reports that the oxygen requirements can be met with
only 1-2 ft3/min per person. Ventilation rates can be reduced toward this
minimum if filtration and adsorption are provided to remove smoke and
odors.

4. The Cooling Season

Many air-conditioned buildings are cooled more than necessary or desir-
able, both from an energy savings point of view and for the health of their
occupants. Substantial savings can accrue by raising thermostats to attain
an effective temperature of 73°F, as indicated in Table 9.4. To cool outside
air having a 90-'F dry-bulb and 60% R.H. to an effective temperature of
67°F requires more than twice the heat removal than required to cool it to
an effective temperature (E.T.) of 73°F. Furthermore, heat gain by conduc-
tion and convection is 80% greater at the lower temperature. Much of the

ke
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Table9.4

Enthalpy and Dry-Bulb Temperature versus Effective
Temperature in Air at 300 ft/min and 60% R.H.

Effective temperature Dry-bulb temperature Enthalpy

@ (P (Btu/Jb)
6 755 303
& 775 319
7 800 31
B 820 348
7 840 366

cooling load is required to remove basal metabolism, heat from lighting and
machinery, and solar radiation, which are not particularly related to E.T.
Therefore the energy savings attributable to an increase in E.T. from 67 to
73°F will be less than 100%, depending on occupancy and other factors, but
is nonetheless considerable.

The effect ofair velocity on comfort appears in Table 9.5. Over three times
as much energy must be removed from outside air at 90°F and 50% R.H.
to reach an E.T. of 73°F in still air as in air moving at 500 ft/min. Although
the temperature difference between inside and outside is doubled, in still air
heat transfer through walls and windows may actually be lower.

Table9.5

Enthalpy and Dry-Bulb Temperature Required for
73°F Elfective Temperature at 0% R.H.

Velocity Dry-bulb temperature Enthalpy

(ft/min) @ (Btu/Ib)
2 775 315
100 790 331
300 820 348
500 840 362
700 850 376

Humidity, although not specifically controlled in an air-conditioned en-
vironment, is important to comfort. Table 9.6 gives various conditions pro-
ducing an E.T. of73°F, noting the dew point ofthe air. Here again, humidity
and dry-bulb temperature act in opposition on energy requirements. High
humidity levels require little heat removal from outside air, yet require com-

paratively higher reduction in dry-bulb temperature. The two effects may
virtually cancel each other.
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Table9.6

Enthalpy and Dry-Bulb Temperature Required for 73°F Effective Temperature in
Air at 300 ft/min

Relative humidity Dry-bulb temperature Dew-point temperature Enthalpy

(%) (F) ©P (Btu/Ib)
80 795 73 38.7
70 81.0 70 36.6
60 ' 82.0 66 348
50 83.0 62 33.1
0 84.0 58 315

Air dew point is established by the temperature of the cooling surface to
which it is exposed. Where chilled water at 40°F is supplied to the air-
conditioning pnit, a dew-point temperature in the region of 55°F can be
expected. Urider these conditions, a dry-bulb temperature above 84°F would
be tolerable. However, this does not represent an efficient mode of operation
for the refrigeration unit. Less work would be required to provide chilled
waterat 55°F, yielding a dew point of perhaps 70°F. When combined with
the closer approach to outside-air enthalpy, it should more than offset the
modest reduction needed in dry-bulb temperature.

B. HVAC SYSTEMS

There is a wide variety of systems in common use, each having its own
advantages and control problems. Rather than attempt to cover the entire
spectrum, the following describes the general features most often encoun-
tered, and how these units are most efficiently controlled. New systems in-
corporating solar technology are discussed later in the chapter.

1. Reheat Systems

A multizone HV A C system with reheat is shown in Fig. 9.1. A centrally
located fan draws a mixture of return air and fresh air through chilled-water
coils, distributing it to several ducts containing steam coils. Each duct serves
a particular zone where temperature is controlled by a "master" unit. The
master sets the temperature of the "submaster” controller, whose sensor is
located in the duct, downstream of the reheat coil. The submaster then manip-
ulates its steam valve as necessary to provide the desired zone temperature.

The control system shown in Fig. 9.1 appears in Ref (2) and is common to
most reheat installations. Fresh air is mixed with return air to hold a 55-°F
mixed-air temperature. In the heating season, the reheaters must supply
enough steam to heat this 55-°F air tc whatever temperatures are required
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Fig. 9.1. A Multiple-zone reheat system with uncoordinated controls has no protection
against simultaneous heating and cooling.

in the individual zones. Fresh air is not apportioned on a basis of need, but
to satisfy an arbitrary specification of 55 F for mixed air. Thus fresh airflow
is more than what is required as long as heat must be applied.

However in instances where solar incidence or internal heat generation
cause a higher than desirable zone temperature, the controls will not allow
a reduction in mixed-air temperature below S5°F.

When the mixed-air controller cannot keep its temperature below 60°F,
the controller at the fan discharge introduces chilled water. This arrange-
ment is particularly inefficient when outside-air temperature is in the 60-
70-0F range, expecialiy when the humidity is high. Outside air is chilled and
dehumidified, and then heated again to satisfy the master controllers. The
dehumidification process represents a relatively high refrigeration load; yet
even with reheat to 70°F, the air is uncomfortably cool for the time of year.
Furthermore, an increase in the setting of the master controller will increase
steam consumption, raise return-air temperature, and thereby also increase
the cooling load. These uncoordinated controls waste energy while providing
discomfort.

The system shown in Fig. 9.2 coordinates the control over heating, cooling,
and ventilation to save energy and improve comfort. Similar to other systems
appearing in this book, it is based on controlling the position of a selected
valve_

The steam valves in these systems customarily fail open; they typically
move from an open to a closed position as the air signal increases from 4 to
8 psig. If the signals to all reheater steam valves for a unit are compared in
a high selector, the most-closed valve is then to be held closed at 9 psig by
the valve-position controller, which manipulates fresh air and chilled water
in sequence. Ifthe selected valve signal is below 9 psig, the V P C will gradually
close the chilled-water valve and then the fresh-air damper, until it returns
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Fig. 9.2 The valve-position controller manipulates fresh air and chilled water in sequence,
when all se/11 vales are closed.

to 9 psig. If heat is required in the steady state to satisfy the demands of the
master, both the chilled water and fresh air will be off. Simultaneous heating
and cooling & then avoided for the selected zone, although it may exist in
an unselected zone. Ifa /ow selector s used, as shown in Fig 9.2, simultaneous
heating and cooling is avoided for a// zones, with temperatures rising above
control points in the unselected zones.

In many installations, one of the zones will consistently use more steam
than the others, due to its location, occupancy, airflow pattern, or special
needs. Then the signal to its steam valve can be connected directly to the
VPC, since a"utomatic selection is really superfluous. Where there is no zone
which clearly leads the others in steam demand, one valve-position signal
which is typically representative of the group may be used for control. This
greatly simplifies the control system, especially where there are substantial
distances between the locations of the steam valves. This is more likely to
be encountered in the dual-duct systems described later, rather than in reheat
systems, where all reheaters are grouped close to the fan.

Coordination extends the operating range of the system. A high degree of
heat release, or insolation that would cause zone temperature to rise, will
shut off its steam valve. The VPC will then react to reduce mixed air tem-
perature to as low as 35°F, if necessary, to bring the zone back to the verge
of temperature control. The mixed-air controller limits temperature at 35 F
by overriding the VPC, to protect the chilled-water coils from freezing.

In the 60-70-°F high-humidity regime, cooling is not applied unless full
fresh-air flow is reached, with no reheat. This raises zone humidity, increasing
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comfort without either heating or cooling. Should zone temperature begin
to rise, only enough cooling is applied to keep it near set point, with the
steam valve closed. As with other valve-position controllers, integral-action
alone is desirable, set slowly enough to allow the master control loop to
respond to manipulation of cooling.

When the outside-air temperature exceeds the return-air temperature, it
can provide no further cooling. At this point, a differential temperature
switch TS closes the fresh-air louvers. This transfer can also be based on
enthalpy difference, if the humidity of the return air is substantially different
from that of the fresh air. This switch must be deactivated whenever the
chilled-water system & not functioning. In most of the northern areas, the
refrigeration unit is disabled between October and May. Should the ambient
temperature rise abnormally high during this period, the temperature switch
could close the outside-air louvers, eliminating cooling altogether. This &
certain to happen if the switching is based on outside-air temperature alone.

. Ifit & based on the differential between outside- and return-air temperatures,

then the return air can only rise as high as outside-air temperature.
A minimum-fresh-air damper is shown in Fig. 9.1, to provide the necessary
minimum ventilation; it is automatically closed when the fan is off.

2. Variable Air Volume

In the reheat system described above, airflow to the zones was held con-
stant, aod air temperature was adjusted for comfort. In a variable-air-volume
(VAV) system, air temperature is held constant, and flow to each zone is
varied, in accordance with demands from the master controller. While this
arrangement is viable for cooling (although not optimum), i & poor practice
for heating.

Ifairflow increases when the master temperature falls, the influx of warmer
air can restore that temperature to its set point. But the same level of com-
fort will not be achieved. Consider a minimum-load condition of still air
maintained at a dry-bulb temperature of 665°F, giving an effective tempera-
ture of & F as in Table 92. Should an increase in heat losses cause airflow
to increase to 300 ft/min, the controlled dry-bulb of 665°F will produce an
effective temperature of only 565°F.

While increased airflow promotes cooling, it would be more efficiently
applied as an independent stage of cooling rather than as a means of manip-
ulating heat flow to a cooling coil. At low cooling loads, for example, main-
taining a constant air temperature of €0°F with a low flow will consume
more energy than a temperature of 70°F and a higher flow. Every effort
should be made to maximize temperatures throughout the refrigeration
system, and maximizing airflow will help.
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Fig. 9.3. Zone airflow should be minimum while heating, manipulated for control of
atmospheric cooling, and held at maximum for refrigerated cooling.

Figure-9.3,outlines a recommended program for airflow control as a func-
tion of heating and cooling loads. As long as heating is necessary, zone
airflow hould, be held at the minimum value consistent with reasonable
distribution. When cooling is required, outside air should be used, with no
increase in recirculating airflow, since this requires no additional energy.
However, if zone airflow is controlled by throttling at the zone inlet, that
damper should be opened for increased cooling.

When the outside-air damper is fully open and more cooling is required,
the speed.of the recirculation fan can then be increased to raise zone airflow.
Only when full speed has been reached should chilled water be applied to
cool the air.

This program can be implemented by combining the operation of heating
and atmospheric cooling, as provided in the reheat system of Fig. 9.2. How-
ever, recirculation rate should be sequenced with chilled-water cooling, as
both require energy. In essence, airflow would be increased to provide cooling
up to its maximum, whereupon the chilled-water valve would begin to open.
This arrangement is described in further detail in Section C,l of this chapter.

Minimum ventilation requirements can be met in the heating regime by
fixing a minimum outside-air damper position while the fan is operating at
minimum speed. While atmospheric cooling is applied, outside airflow always
exceeds the minimum. However when outside air enthalpy exceeds that of
the return air during refrigerated cooling, outside air is returned to a mini-
mum. But since the fan is then operating at full speed, a different position
for the minimum outside-air damper is required.

Variable-volume systems employing both induced-draft and forced-draft
fans require static pressure control within the building to minimize infiltra-
tion, particularly at high flow rates. Outside airflow may then have to be
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measured and controlled to ensure that a minimum is being maintained.
This is more accurate than attempting to maintain a constant difference be-
tween the much larger supply and return flows.

3. Dual-Duct Systems

These systems provide two supplies of air-one warm and one cool-to
each of the zones. Individual zone temperature controllers blend the neces-
sary portions of each to satisfy the local demand. Blending has been described
as an irreversible operation and can be the cause of wasted energy in these
systems. Energy waste can be minimized by minimizing the temperature
difference between the ducts.

The principal advantage of a dual-duct system is the ability to satisfy a
variety of heating and cooling loads at individual zones. This can be accom-
plished most economically if the zone requiring the most heat or least cooling
is drawing air fully from the warm duct, and the zone requiring the most
cooling or least heating draws air only from the cool duct. All intermediate
zones would then be blending, but the increase in entropy would be the
minimum possible to satisfy these demands with the two-duct system.

Valve-position controllers are again recommended to set duct tempera-
tures as shown in Fig. 9.4. Each zone-temperature controller drives a set of
louvers adding warm air on a decreasing signal and cool air on an increasing
signal. The lowest of the zone control signals will belong to the louver

Set at
low limit Other
------ \O Ive
positions
Set at
high limit

Master

Cool duct

Chilled
water

Fig. 9.4. Warm-duct temperature & set by the zone needing the most warm air, and cool-
duct temperature by the zone needing the most cool air; chilled water & sequenced with at-
mospheric cooling.
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drawing the most warm air. This lowest signal is controlled at the limit of
travel by a VPC setting warm-duct tem , .rature. A high signal selector sends
the position of the louver drawing the most cool air to another VPC; this
device attempts to hold that louver at the high limit of travel by setting cool-
duct tem,, .rature.

Figure 9.4 shows the outside-air dam, .r sequenced with chilled water so
that refrigeration will not be used until atmospheric cooling is at a maxi-
sinum. The. presence of atmospheric cooling will increase the steam-flow
requirements 10l the warm duct. Yet this arrangement is preferred over se-
quencing atmgqspheric cooling with the steam valve, which would require
additional chilling. Since 1Btu of low-pressure steam generates only 0.4-
0.6 Btu of chilled water in the 40-50-°F range, more steam can be saved by
reducing the cooling load than by reducing the heating load. In installations
using inde, .ndent fans for each duct, the warm-air duct should be supplied
with only the minimum outside-air flow; this reduces steam requirements
during periods of atmospheric cooling.

Although it is common practice to program warm-duct temperature as a
function of outside-air temperature (4), it is not as capable of satisfying de-
mands with minimal energy. If, at a particular outside-air tem,rature,
warm-duct temperature is higher than necessary to meet zone loads, due to
insolation, occupancy, or other factors, energy will be wasted. If it is insuffi-
cient, comfort requirements will not be met. The combination of selectors
and valve-position controllers satisfies both requirements, under any load
conditions within the capability of the HVAC unit.

4. Air-Water Systems

In these systems, centrally conditioned air is distributed to individual
zones where additional heating and/or cooling is provided by water. In the
simplest arrangement, only hot water is available during the heating season,
and only chilled water during the cooling season. Usually the same tempera-
ture controller and valve are used for both, requiring the action of the con-
troller to be reversed at the time of the water changeover. There are special
pneumatic controllers available whose action can be changed by raising the
pressure of the air supply from 15 to 20 psig. An air switch on the main con-
trol panel selects the air supply for heating or cooling, at the time when the
water-supply system is changed.

These systems have a limited operating range, and changeover between
hot and chilled water is sufficiently troublesome that it is only performed
twice a year. The o, .rating range can be extended while conserving energy,
by setting water tem,, .rature with a VPC acting on the most-open valve, and
air temperature with a VPC acting on the most-closed valve as in Fig. 9.5.
These valves typically fail open, so that the highest signal corresponds to the
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Fig. 9.5. The most-open valve position is used to set water temperature, and the most-
closed valve position controls cooling by outside air and chilled water in sequence.

most-closed valve. Because the action of the zone-tem , rature controllers
is reversed at changeover, the action of the valve-position controllers must
also be reversed.

More elaborate systems have both hot and chilled water pi,, .d to the zone
heat exchangers, with tem , .rature controlled by a three-way mixing valve or
sequenced two-way valves. Control over these systems is essentially the
same as for the dual-duct system.

S. Heat Pumps

There is no question that the space heating system of the future is the heat
pump. There is no need at this point to develop the theory or application
of the heat pump-it is adequately described in reference to refrigeration
systems in Chapter 5. The work required to transfer a given amount of heat
from a space into the surroundings is given as a function of temperature
difference in Eq. (5.5). When heat is pum,.d into the space, it is augmented
by the work applied. Because the work required is directly proportional to
the product of heat transfer and temperature difference, and because heat
flow in space conditioning is essentially proportional to temperature differ-
ence, W varies as (AT)?. Energy savings using heat pumps are then doubly
sensitive to the thermostat setting. With a conventional heating system, re-
ducing indoor dry-bulb tem, crature from 70 to 65°F against a 30-°F ambient
would bring fuel savings of perhaps 14%; in a heat-pumped system, the same
adjustment would provide a savings of nearly 31%.
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Fig. 9.6. With the changeover valve in its heating position as shown, the level controller

on the water tank will drive its output upscale and be rejected by the low selector.
H 1

Heat pumps lose thermodynamic efficiency as ti T increases, and are there-
fore not as attractive in northern climes. In addition, fouling of the outside
heat-transfer surface with frost is a problem in cold, high-humidity environ-
ments. The advantage of being able to cool as well as heat makes the heat
pump more attractive for moderate climates, rather than colder latitudes
where summer cooling is unnecessary.

Controls for a heat pump are essentially no different than for any refrig-
eration unit. There are, however, the additional complications of changeover
from heating to cooling, and a ventilation system to provide cooling when
the weather- is mild. Figure 9.6 shows the controls for a heat pump supplying
tempered water to an air-conditioning system. In this illustration, a single
master controller is shown. Assume it is capable of increasing tempered
water flow on a temperature falling below 66 F, and also one rising above
80°F (such a controller is developed in Section C,1 following). When afl zone
tempered-water valves are closed, ie., the lowest position signal is above
8 psig, the VPC in Fig. 9.6 will cool by admitting outside air. When one zone
tempered-water valve reaches full opening at 4 psig, a pressure switch starts
the compressor, which raises water temperature until that valve starts to
close. A second pressure switch stops the water circulating pump when all
water valves are closed.

An outdoor-air temperature sensor operates the changeover valve. When
the ambient is below 65 F, the valve is in the heating position as shown.
Refrigerant vapor is directed downward into the water coil, where it con-
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<lenses. The level controller is intended to hold the coil full of condensate
when the flow is in the other direction. Consequently, it will attempt to open
the expansion valve to raise the level, but only succeeds in lowering it. The
level controller in the evaporating coil will respond correctly to a rising level
by throttling the expansion valve, and will therefore be selected for control.

When the outdoor temperature reaches 65 F, a temperature switch changes
the compressor flow to a cooling cycle and locks the fresh-air louvers in an
open position. When any zone control signal is then below 9 psig, the water
circulating pump is started, and the fresh-air louvers remain open. When the
first zone control signal reaches 4 psig, the compressor will start, to cool
the tempering water. When the outdoor air reaches 80°F, the fresh-air louvers
automatically close. (This last action could also be performed on the basis of
temperature or enthalpy difference between outside and return air as de-
scribed earlier.)

Driving a heat pump with a diesel engine can add to the efficiency of the
system. Along with other advantages already considered, the heat rejected
by the engine and its exhaust may be added to that pumped by the com-
pressor. During the cooling season, the exhaust heat must be rejected, but
engine heat may still be used to provide hot tapwater.

An engine has the advantage of variable-speed operation, as opposed to
the electric-motor driven compressor described earlier, which was either on
or off The control system can be essentially the same as that shown in
Fig. 9.6, except for the addition of a valve-position controller set at 4 psig,
to adjust the engine's governor.

Figure 9.7 shows how the engine temperature can be controlled while
providing hot tapwater. Heat in excess of that required for tapwater is sent

Duct

Hot
tapwoater

Hot-water
tank

Cold
tapwoter

Circulotinll
pump

Engine
Compressor

Fig. 9.7. Engine heat may provide hot tapwater and supplement space heating in winter.
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to the air duct to supplement pumped heat in winter. During the cooling
season, this duct must be diverted to outside air by the changeover controls.
The tapwater will require supplementary heat during mild conditions.

C  HVAC MANAGEMENT

Section B qa,nined the characteristics of various HVAC systems and
‘applied controb{to them to maximize their efficiency. Simultaneous heating
and cooling was minimized, and outside air was used as much as possible.
What remains,is to manage these HVAC systems to provide the comfort
conditions found to be most conservative in Section A. One of the most
important techniques to be developed is the programming of heating and
cooling to minimize the use of either, over as wide a range of conditions as
possible. Another energy-saving feature to be considered is the programming
of heating and -cooling as a function of occupancy and activity. Humidity
control for special environments is also included.

1. Maintaining Effective Temperature

The most common complaint about air-conditioning systems in general is
their failure to maintain comfortable conditions while consuming excessive
quantities of energy. This is due in large measure to control of dry-bulb
temperature at a single point year round, irrespective of humidity and air-
velocity, as described earlier. Furthermore, there has been little, if any, con-
sideration of acclimatization by the metabolism. Typically, controlled
conditions are cooler than necessary in summer and warmer than necessary
in winter, except during extreme loads when control is Jost altogether. In
short, energy has been used to cause discomfort.

Master control points must be different for heating and cooling to take
advantage of the wide range of conditions over which neither is necessary.
If two controllers are used, as shown in Fig. 9.8, control points are indepen-
dently adjustable as a function of season and preference. This system is
intended to drive a tempered-water valve as would be used with the heat
pump system of Fig. 9.6.

The heating controller would have high-gain proportional or proportional-
plus-integral action to minimize the heat applied above the set point. The
valve-position controller of Fig. 9.6 will increase ventilation to control zone
temperature only when the hot water is off to aff zones. Therefore the coolest
zone would be controlled at set point by ventilation, while all other zones
would be warmer. The zone temperature at which atmospheric cooling is
applied could be increased by eliminating integral action from the master
controller. However, then some heating will continue to be applied when
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Fig. 9.8. When manipulating a tempered-water valve, the heating and cooling controllers
must have opposite actions.

zone temperature is above set point. It should be remembered that atmo-
spheric cooling is free-there is no heating, refrigeration, nor increase in fan
power required to provide it.

When the zone temperature approaches the set point of 80°F, the fan
speed should be increased to maximum, as described under variable-air-
volume controls. At 80°F, the tempered-water valve begins to open again
through the action of the low-signal selector. Proportional action i this
range should program the valve to open fully at 84 F. The reasoning behind
this program can be explained in reference to Table 9.6. An effective tem-
perature of73°F can be attained at about 80°F dry-bulb, when the dew point
of the air is 73" F. This high dew point will be achieved when the cooling load
is minimal, if the chilled or tempered-water control system adjusts water
temperature as a function of cooling load. This will be automatically achieved
by the heat-pump controls in Fig. 9.6, and by the chilled-water controls de-
scribed in Figs. 5.19-5.22. Then as the heat load calls for increased water
flow, water temperature will be adjusted downward, reducing the dew point
of the air, thereby allowing an increase in dry-bulb temperature up to 84°F.

The speed of the recirculating fan can be driven directly by the lowest
output of the master controllers, as shown in Fig. 9.9. When all chilled or
tempered-water valves are closed, the selected master controller will adjust
fan speed over the 8-15-psig range. In heat-pump systems, this action must
be inhibited when heating, so that minimum speed will be provided. This
logic can be initiated by the changeover controls.
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Fig. 9.9. Fan peed may be programmed to follow the master controller requiring the most
cooling.

When applied to dual-duct or air-water systems having both hot and cold
supplies, both heating and cooling masters must have the same action.
Selection between the two masters must then be established by the demand
for increased circulation or for chilled water. When cooling by ventilation is
no longer sufficient to maintain comfort at the setting of the selected heating
master in the system of Fig. 9.4, the chilled-water valve will begin to open.
A pressure switch acting on the signal to the chilled-water valve can be used
to switch all masters on that unit to the cooling controller. Because the
cooling controller set points are higher, the chilled-water valve will imme-
diately close, deactivating the pressure switch. Cycling about this point will
take place, unless a delay is provided. The system in Fig. 9.10 shows a time-
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Fig. 9.10. The controller with the higher set point is used whenever chilled water & required.
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Fig. 911. In systems having a submaster controller for each master, duct temperature
should be coordinated with zone temperature as shown.

delay relay holding in the cooling masters for a set interval following the
initial opening of the chilled-water valve.

With reheat systems using a submaster duct controller with each master,
the two temperatures can be coordinated as shown in Fig. 9.11. Two pro-
portional controllers are required, with the same action but with different
gains and set points; selection between them should be based on chilled-
water valve position, as in Fig. 9.10.

2. Seasonal Programming

The programs for master temperature controllers shown in Figs. 9.8-9.11
show the extreme settings for summer and winter operation. Considering
that acclimatization takes time, it would be wise to lower the cooling con-
troller set point somewhat in winter, and to raise the heating controller set
point somewhat in summer.

Ideally, these settings ought to be adjusted several times a year. This
would be prohibitive for multiple-zone systems where all master controllers
were located in their respective zones. However if only transmitters were
located in the zones, with all master controllers housed in a central facility,
set-point adjustments could be made to all controllers from a single station.
A program such as that shown in Table 9.7 would seem reasonable.

Table 9.7

Master Set Points al Various Times of Year

Heating Cooling
Months set point (F)  set point (F)
Dec-Mar (¢ 7
Apr-June i ] 18
July-Sept 72 82
Oct-Dec 68 18
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3. Diurnal Programming

Substantial quantities of energy can be saved by programming set points
between night and day, or periods of occupancy. In an office or manufac-
turing building, the heating set point can be reduced to 5F after the occu-
pants have left for the day, if a separately controlled space is available for
resident security personnel. At the same time, ventilation and recirculation
can be reduced to zero. These effects are simultaneously achieved by con-

. trolling the recirculating fans with a night thermostat. A 7-day timer switches

control of eacli fan to a single thermostat set at 5 F, at night and on week-
ends. The thermostat stops the fan until the temperature falls to that set
point, whereupon it is started. Because heat losses are low in the absence of
recirculatio.n, the fans stay off for long periods during the unoccupied hours.

This 10-°F reduction in temperature will result in a 40% reduction in
indoor-outdoor temperature difference, when outdoor air is at 30" F. In the
absence of recirculation, the energy savings should exceed 40%.

During the cooling season, fans may be turned off without any control,
when the building is unoccupied, at least at night. Reduction in lighting and

absence -of people, as well as lack of insolalion, will keep temperatures from
climbing.

4. Humidity Control

Certain buildings or areas of buildings are used to store or work with
materials sensitive to relative humidity. The storage and printing of instru-
ment charts, films, and graph paper fall into this category. Close control over
dry-bulb temperature and humidity must be maintained at a single set of
conditions year round.

Control 9f temperature can be simplified and rendered insensitive to am-
bient conditions if simultaneous healing and cooling are allowed. This com-
mon practice is often combined with simultaneous humidification and
dehumidification to achieve humidity control. Yet it is possible to provide
satisfactory control over both temperature and humidity with a minimum
of energy by properly coordinating controls as in Fig. 9.12.

The figure shows heating using steam, and humidification wilh a water
spray. Refrigeration, providing both cooling and dehumidification, is oper-
ated on an on-off basis. When heating and humidification are required,
both valves are open, and the pressure switches keep the refrigeration unit
off. As the heat load decreases, a VPC on the steam valve begins cooling by
ventilation. Should the steam valve be driven to a fully closed position, a
pressure switch will start the refrigeration unit.

Because of the stepwise nature of the applied refrigeration, a small amount
of steam will begin to flow to maintain temperature control. When the dif-
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Fig. 9.12. The refrigeration unit is operated whenever the stcam valve or the water valve
is closed.

ferential gap in the pressure switch is exceeded, the refrigeration unit will be
stopped, and the steam valve will again begin to close.

Should the water valve close fully, indicating the impending loss of hu-
midity control, its pressure switch will start the refrigeration unit, even with
the steam valve open. A differential gap is necessary in this pressure switch
as well, to extend the cycle time of the refrigeration unit.

Note that wet-bulb temperature is controlled rather than humidity. At a
controlled dry-bulb temperature, a constant wet-bulb temperature will pro-
vide a constant humidity. The advantage of using wet-bulb temperature is its
insensitivity to water injection. When room-temperature water is evaporated
into room-temperature air, the dry-bulb temperature will fall, although the
wet-bulb temperature is unaffected. This eliminates the interaction that nor-
mally exists between temperature and humidity control loops. Adding heat
to the air raises both dry- and wet-bulb temperatures, but that disturbance

cannot be propagated by the water valve back to the wet-bulb temperature
con tro Iler.

D. SOLAR ENERGY SYSTEMS

The most useful application of solar energy will be the heating of buildings
and tapwater. While the heating medium is free, it is also quite variable,
necessitating storage and auxiliary sources of energy for complete service.
Proper control can minimize the use of these auxiliaries.

1. Flat-Plate Collectors

The solar-energy collector most useful for heating buildings and tapwater
is the fixed, flat-plate unit. It consists of a radiant-energy absorbing surface
positioned to receive as much sunlight as possible during the course of the
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day. In northern latitudes, the collector should face due south, at an inclina-
tion from the horizontal equal to the latitude of the location. To maximize
absorption seasonally, the inclination should be increased 15 deg in winter
and decreased 15 deg in summer, from that spring-fall position.

The heat-absorbing surface is insulated from the outside air typically by
two translucent cover plates with air spaces between. The covers pass visible
light but are opaque to infrared radiation, to minimize the reradiation of

from the collector. The heat-absorbing surface may be cooled by the
passage ofair or water over, through, or behind the surface. Thermal insula-
tion covers the dark side of the collector.

2. Heat Transfer and Storage

Figure 9.13 shows a flat-plate collector used to provide hot air for space
heating. A bed of crushed and graded stone is used as a heat storage element.
Two differential-temperature switches are shown to maximize heat recovery.
When the collector 5 warmer than the stone bed, both on-off dampers are
open, allowing' heat to flow into the bed. When the temperature difference
reverses, flow into the stone bed i stopped by closing the damper at its top.
Flow may continue through the collector into the space to be heated as long
as the collector is warmer than the circulating air. When this temperature
difference reverses, the damper in the stream leaving the collector is closed,
its fan stopped, and the damper at the top of the stone bed is reopened.
Then heat is removed from storage.

The duct temperature controller is shown manipulating heat and atmo-
spheric cooling sequentially. Should the controller output reach full scale
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Return air
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Fig. 9.13. The stone bed & charged when it is cooler than the collector, and discharged when
the collector i cooler than the stone bed and the circulating air.
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for a sustained period, indicating insufficient solar heat to maintain tem-
perature control, an auxiliary heater i started by a pressure switch acting
through a time-delay relay. In multiple-zone systems of the variable-volume
type, duct temperature could be set by the position ofthe most-open damper,
through a valve-position controller. Energy-conservation techniques such as
this are essential to the economic success of such low-grade heat sources
as solar thermal energy.

Circulating water systems require protection against freezing. Antifreeze
additives may be used, but their cost becomes prohibitive to protect the
entire storage system, which may include thousands of gallons. Alternately,
antifreeze protection may be applied only to the water circulating through
the collector, with a heat exchanger located in the storage vessel to isolate
it from the stored water. The heat exchanger adds significantly to the capital
cost of the system, and also reduces its efficiency. Duffie and Beckman (5)
estimate that each degree Celsius temperature drop across the exchanger
reduces the collector efficiency by 1-2%. (Higher collector temperatures
reduce absorption and increase heat losses.)

Another method to avoid freezing is to elevate the collector above the
storage vessel so that it may drain freely when the circulating pump & stopped.
This practice requires more head of the pump, but pumping energy is such
a small fraction of the heat transfer through the system that the added cost
s not significant.

Figure 9.14 shows how a solar heating system using water might be con-
trolled. When the collector is warmer than the storage tank, water will

Collector
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Hot woter
------------ we_ot-,--4return

L .i-=--- - ---0----]

['b--.

Fig. 9.14. The storage tank is bypassed when it 5 warmer than the collector, until the
collector & cooler than the return water.
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circulate through the two. When collector temperature falls below storage
temperature, the tank is bypassed. When it finally falls below return-water
temperature, no more heat absorption ® taking place; then the collector cir-
culator is stopped, and the bypass valves are returned to their normal posi-
tion. The collector then drains, and heat is removed from storage only. When
the sun rises again, and collector temperature increases above storage tem-
perature, circulation through the collector will resume. Auxiliary heat &
.provided in tl\e.same manner as with the air systems.

. 4

3. Adding a Heat Pump

The storage capability in a solar heating system can be extended by means
of a heat pump. Wht!n storage temperature approaches room temperature,
control will ordinarily be lost. But at that point, a refrigeration compressor
can be started to pump heat from the storage vessel into a heat exchanger
in the water supply line. Figure 9.15 shows a pressure switch on the output
of the water temperature controller activating the compressor. As the tem-
perature in the storage vessel begins to fall below that of the heat exchanger,
a differential temperature switch stops circulation through the storage tank.

Solar heating systems typically can increase storage temperature to about
140°F during the day. As heat is drawn from storage during the night, that
temperature might fall to 100°F, depending on the weather, the size of the
storage vessel, room temperature settings, etc. To size a tank for more than
one or two day's capacity may not be economical. By adding a heat pump,
however; storage temperature may be reduced to R°F, virtually doubling
the heat capacity of the system.

Coilector

| |
r- ,TJ _2_ -(55 ¥ | space
i RS I J
5 l_ Water return

Fig. 9.15. The compressor is started whenever temperature control can no longer be
attained by drawing from storage.
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Because the power required of the heat pump varies with AT, compara-
tively little energy is used when the storage tank is near room temperature.
Since operating under these conditions is much more probable than opera-
tion close to freezing, the heat pump generally runs near maximum efficiency
and therefore at little cost.

To maximize the performance of this system, all of the techniques de-
scribed earlier for saving energy should be applied. Thermostats should be
at minimum allowable temperatures day and night to minimize heat-pump
power and the likelihood of dropping storage temperature to 32°F, where
no more heat would be available. Hot-water temperature should be set at
the minimum necessary to satisfy room temperature settings. In a multizone
system, this would be accomplished by a valve-position controller responding
to the most-open water valve.

This system probably offers the best economy of all for northern climates.
The only improvement might be the use of a diesel-engine drive, with recov-
ery of engine and exhaust heat. The heat pump can also be used for air-
conditioning, and the large water-storage vessel can effectively smooth
day-night heat flux variations.
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in refrigeration, 177-180
Adiabatic efficiency, 109-113
of centrifugal compressors, 112
of ejectors, 121, 122
of rotary compressors, 116
Adiabatic evaporation temperature, 215,
see also Wet-bulb temperature
Adiabatic head, 109-113
in refrigeration, 154-157
Air-conditioning, see HV A C systems
Air liquefaction, 162
Air-pollution control, 60-67
Air preheat, 58, 59, 62
Air separation, 162, 275
Airflow control, 51-60
characterization in, 54, 58
measurement in, 57-59
overridesin,56,57
Ammonia as refrigerant, 147
Antisurge control, see Surge control

ASHRAE, 289, 292
Atomizing with steam, 45
Attemperating of steam, see Desuperheating
Available work, 4-10
accounting of, 23-25
in steam, 20, 24
Averaging-level control, 205

B

Backpressure turbines, see Turbines
Bagasse, 47
Barometric condenser, 168
for evaporators, 209
Basal metabolism, 288
Beckman, W. A., 312
Biasing, 78, 79
Blending, see Mixing
Boiler blowdown, 94
Boiler controls, 90-107
drum-level, 90-95
feedwater, 90-95
pressure, 95-97
sliding, 35
Boilerefficiency, 25, 102-104
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Boiler load, 96

distribution of, 104- 107
Boileroptimization, 106, 107
Boilers, 90

multiple, 99- 107

waste-heat, 99-102
Boiling-point rise, 188, 189

measurement of, 20 I
Bojnowski,J. H., 15
Brine concentrato ,. 190-192
Brine in refrigeration, 172- 180
Burner control

gas,44 f

oil, 46
Burner efficiency, 60, 61
Burner as tlowmeter, 41
Burner tilt, 98, 99
Butane separatlon, 272

C

c.,30,J1 '
Calandria, 185
Calcium sulfite, 65
Calorimeter for fuel gas, 43
Carbon dioxide separation, 162-164
Carbon monoxide
i tlue gas, 56, 60, 61
as fuel, 49
Carnot cy le, 146
Chilled-water distribution, 172-180
Chillercontrols, 151, 152
Choked-llow control, 79
Chromatographi analyzer, 266
Claude process, 162
Clearance, in compressors, 113-116
Coal, composition of, 53
Coal firing, 47-49
Coal mill,47
Column characterization factor, 256
effect of pressure on, 270-272
Combustion, incomplete, 60, 61
of methane, 40, 51
of oil, 52
Combustion-air requirements, 52, 53
Combustion control, 39-67
Combustion efficiency, 102-104
Comfon conditions, 288-294
Compression, 109- 113
adiabatic, 109-113
isentropic, 27, 109, 113
isothemlal. 109

Index

polytropic. 111-113

ofrealgases, 112,113

of steam, 190-194
Compressor control, 124-144

decoupling, 137, 138

guide-vane manipulation, 119, 120, 127,

141-144
interaction in, 137, 138
overload protection, 129, 130

speed manipulation, 118, 126, 137, 138
stator-vane manipulation, 119, 134, 135

surge protection. 130-141
throuling, 119, 120, 124-129
Compressor-expanders, 162, 163, 275-
271
Compressor load, 125, 126
balancing of, 141- 143
in refrigeration, 154-157
Compressoroptimization, 142, 143
Compressorrangeability, 118,120
with multiple units, 138, 140
Compressorsurge, 117, 118, 130-138
Compressors, 108-144
characteristics of, 113-124
<t 121-124
multiple, 139-144
positive-displacement, 113-116
turbo. 116- 120
Condenser control, 20
in ditillation, 268-273
for evaporators, 207-210
in refrigeration, 148, 149
forturbines, 79
Condenser optimization, 207-2 D
Condenser-reboiler, 274, 275, 279, 281
Condensers, 20
air-cooled, 146-149, 269,272
barometric, 168, 209
panial, 163, 272, 23
Condensing turbines, see Turbines
Conservation ofenergy, 3, 4
Conservation of work, 21
Control valves, 30-36
Controllers, 77
Critical moisture, 216,217
Crude-oil distillation, 281-283
Cryogenic separations, 275-277

D

Deaerator control, 192
Debutanizer, 281-283

Decoupling
in compressor control, 137, 138
of pressure and flow, 58-60
Deepcooling, 157-164
Dehumidification, 296,309,310
Demand-limit control, 75-79, 82
Demethanizcr, 276
Denbigh, K., 1
Depropanizer, 253,256,262, 272
Desuperheating, 82, 85, 98, 99
Dew point, 212
in air-conditioning, 294, 306
in dryer control, 226-228
Dew-point control, 239-242
Differential vapor-pressure cell, 84, 85
in dryer control, 249, 250
Disorder, 9, 10
Distillate fuel, 44
Distillation, 251-283
cryogenic, 275-277
double-effect, 278-281
entropy analysis of, 258-260
heat pumps in, 273-275
heat recovery in, 277-283
pressure drop in, 274, 281, 282
Distillation control
differential-pressure, 281-283
feedforward, 262-265, 269-271

floating-pressure, 268-273, 276, 279

gain compensation, 266, 267

heat flow, 282, 283

loop assignments, 260, 261, 263

preheat, 278

product quality, 260-267

temperature, 265, 266

effect of pressure on, 273

Dryer control

airflow manipulation, 238, 239

batch. 220-222

feedforward, 232, 233

feed-rate manipulation, 224, 225

product-quality, 233,234

steam-pressure, 245-248

temperature, 226-228, 231-234
D, ers

adiabatic, 217-234

air-lift, 229

batch, 217-222

direct-fired, 231, 232, 242, 243

drum, 244

efficiency of, 235, 236, 238, 239, 242

fluid-bed, 217-228

Index

heat recovery in, 239-243

longitudinal, 228-231

nonadiabatic, 243-250

rotary, 229

rotating-tray, 229

spray, 230, 23 1

steam-tube, 243-248

tunnel, 230

two-stage, 228, 229

vacuum, 249, 250
Drying, 211-250

adiabatic, 212-243

batch, 217-222, 239,240

by conduction, 244, 245

cost of, 234-236

energy usage in, 234-243

with flue gas, 242, 243

nonadiabatic, 243-250

rate of, 215-217, 219

vacuum, 249,250
Drying contours, 225
Duffie,J.A.,312

E

Effective temperature, 289-294

control of, 305-307
Ejectors, 120-124

controlof, 123,124

in evaporation, 122, 192, 193

in refrigeration, 167-169
Electrical generntors, 69-77
Electrical load control, 74-77, 82
Elliott Division, Carrier Corp., 112, 113
Energy conservation, 3, 4
Enthalpy, 6

of humid air, 215, 290-294
Entrainment ratio, ofejector, 121
Entropy, 6 - 10

in expansion, 26-30

in desuperheating, 83

in distillation, 258-260

in evaporation, 189, 190

in heat transfer, 17-21

ofideal gas, 11

in jet compression, 192, 193

of mixture, 11-15

in throttling, 26-30, 34
Evans, F. L., 114, 119, 137, 18
Evaporation, 183-210

boiling-point rise, 188, 189

of brines, 190-192
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Evaporation (cont.):
vs. dry[ng, 184
efficiency of, 187, 189-193
entropy in, 189,190
multiple effect, 22, 23
ofsugar, 188, 189
Evaporator control
of condensers, 207-210
feedforward, 197-199
product quality,' 199-203
steam flow, 89; 90
steam manageO-:ent, 203-207
trim systems, 201-203
uncoordinated, 196, 197
Evaporators, 22, 23
feed patterns in, 184-186
low-holdup, 186
trim heaters for,',20 I, 202
vapor-recollJpression, 122, 123
Excess.air, 51-57, 60, 61
Expanders, 162, 1fi3, 275-277
Expansion, 26-30, see also Joule-
Thompson expansion
Expansion valve, 146, 149, 150
Extraction o f steam
from evaporators, 205-207
from turbines, 72-74
Extraction turbines, see Turbines

F

Fan controls, 149,271
Feedwater
control, 90-95-
heating, 72, 74, 76, 80-82
pumping, 97 - -
Flame temperature, 23
Flare stack, 65-67
Flashing, 28, 29
Flat-plate collectors, 311
Floating-pressure control
ofboilers, 97
o fcompressors, 127, 128
in distillation, 268-273, 275, 276, Z79
of steam headers, 85-87
Floating-temperature control
in distillation, 278
in refrigerdtion, 173-177, 179, 180
Flowmeters
for air, 57-59
for gas, 40-43

Index

for oil, 44-46
for steam, 8§7-90
Flue gas, 51, 52
recirculation, 62, 63, 98, 99
scrubbing, 63-65
Flue gas analyzers, 55, 56
Friction, 8, 9
Frost point, 212
Fuel-air ratio control, 53-56
Fuel conservation, 4
Fuel gas, 40-44
analyzers for, 43
heating value of, 40-43
recompression of, 124
Fuel oil, 44-46
Fuels, 40-51
Furnace, reverberdtOry, 100
pressure control, 57-60

G

Gas constant, 111

Gas specific gravity, 41, 42

General Services Administration, 292

Gilbert, L. F., 56

Guide vanes, 119, 120, s u also Compressor
control

H

Header pressure optimization, 85-87
Health, 288, 290
Heat capacity, 7
Heat conversion to work, 4-10
Heat exchangers, 20
Heat-flow control
in distillation, 282, 283
of fuel gas, 42
of steam, 88-90
Heat pumps, in distillation, 273-275
in evaporation, 190-193
in HVAC systems, 302-305, 307,313, 314,
see also Refrigeration
Heat rate in power plants, 25
Heat-release computer, 48
Heat transfer, 17-25
with steam, 27
in wet solids, 244, 245
Heater, fired, 15- 17
Heating value, 40
o fgaseous fuels, 42, 43

Humidification, 309, 310
Humidity, 212,213
in buildings, 289-294
from combustion, 231
HV AC systems, 287-314
air-water, 301,302,306,307
chilled-watercontrol, 172-177
dual-duct, 300, 301, 307, 308
heat pumps, 302-305, 307,313,314
humidity control in, 309, 310
reheat, 294-298
variable-air volume, 298-300, 306,307
work accounting, 177-180
Hydraulic power, 29, 35
Hydraulic resonance, 91, 92
Hydrogen in fuel gas, 42, 43

Inverse response, 92
Irreversibility, 5-10

J

Jet compressors, see Ejectors

Joule,J. P., 3,4

Joule-Thompson coefficients, 162
expansion, 29, 162,276

K

Kilowatt control, 73-79, 82

L

Legends, ix-xi
Let-down valves, see Pressure-reducing valves
Linde process, 162
Liquefaction of air, 162
of carbon dioxide, 162, 163
of natural gas, 159, 160
Living systems, 9
Load shedding, 82

M

Mass transfer, 183

Master controller, 294-297
programming of, 305-307

Metabolism, 287-289, 293

Index

Mixing, 11- 18

entropy of, 14

to meet specifications, 252
Moisture analysis, 234
Monroe, E. S., 116, 121
Multiple-output control

for boilers, 104-107

for compressors, 142, 143

forturbines, 78, 79

N

Natural gas, 40

liquefaction of, 159, 160

stripping of, 276
Negative resistance in ejectors, 123, 124
Nitrogen oxides, 61-63

0

Oil-burner control, 46
Oxygen in flue gas, 51-57

analyzers, 55, 56
Oxides

of nitrogen, 61-63

of sulfur, 64, 65

p

Paniculates, 63, 64
Pentune separation, 270, 271
pH control, 65
Photosynthesis, 9
Pipeline: control, 128, 129
Plume elimination, 64
Polytropic efficiency, 111, 112
Polytropic head, 112

in refrigeration, 155-157
Power-plant efficiency, 25
Precipitators, 63
Pressure-reducing valves, 80, 82-85
Primary air, 48
Propane-propylene splitter, 258-260, 264,

272

double-effect, 280, 281

with heat pump, 274-275
Psychrometric chan, 213

use with other gases, 215
Psychrometry, 212-215
Pumping, 28
Pumping-station control, 128, 129
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R

Rankine cycle, 27, 28
Reboilers, 277, 278
Recycling, 9, 10
Reflux,255
Refrigeration, 145-180
absorption, 164-167
cascade, 157-159
gas-phase, 161-164
mechanical, 14:5-157
mixed, 160--,]6i
side-loading, 150, 151
steam, 164-172
steam-jet, 167-172
Refrigeration control, 146-149, 156, 157
feedforward; 152-154
Refrigeration ffic[ency, 148, 166, 163
Refrigeration load lines, 126
Refriger;tion'work requirements, 145-148,
1.55-157
Refuse, as fuel, 47
Relative humidity, 212,213
in buildings, 291-294
control of, 309, 310
in drying, 213, 214
Relative volatility, 256-258
as function of pressure, 268-270
Residual fuel, 44
Resistanc toflow, 31,125,126
control of, 127-129
Reuse ofc:nergy, 21-23
Reversibility, 5- JO
Rolllting sequener, ¥4I

S

Sampled-data control, 266

Selection of control signals, 76-81

Separation factor, 255-258

Shrink-swell, 93

Sliding-pressure operation, 35, 97

Solar collectors, 311

Solar energy, 310-314

Solar-heating systems, 311-314

Space heating, 290-292

Specific-heat functions, 110, 111

Spinning reserve, 75

Stack losses, 52, 102-104
duetomixing, 16, 77

Index

Statorvanes, 119, 134,135,see also
Compressor control
Steam
available work in, 20, 24
conditioning valve, 83, 8t
flowmeters, 87-90
specific weight vs. pressure, 8
temperature-entropy diagrwn, 26, 28
Steam-header control, 72-90, 203-205
Steam-jet ejectors, see Ejectors
Steam-temperature control, 83-85, 97-99
Steam turbines, see Turbines
Submaster controller, 294-297
Sulfuroxides, 64, &
Supercompressibility, 41
Surge control, 117, 118, 130-138
Synchronizing generators, 73

T

Tapwater heating, 15,304,305
Temperature-entropy diagrwn
for steam, 26, 8
for organic fluids, 8
Tempered water, 15
in HV A C systems, 302-306
Thennal-cunductivity analyzer, 43
Them1lodynamics, 3-36
first law, 3
second law, 4- JO
Throllling, 25-36, see also Compressor
comrol
Triple point of water, 212
Turbine efficiency, 27, 70
Turbine tlowmeter, 44, 45
Turbine load, 73, 74
Turbines, 69-79
backpressure, 70-79
condensing, 70, 74, P
drives, 6
extraction, 72-74
as flowmeter, 71
noncondensing, 70-79
throllling of, 34, 35
used as control valves, 33

u

Unburned hydrocarbons, 60, 6l
Unloading ofcompn:ssor valves, 115, 116
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Vacuum pumps, 116, 120-124
Valve characteristics, 31-33
Valve-position control
of compressors, 127, 18
in distillation, 269, 276, 278
of expansion, 276
in HV A C systems, 296, 297, 300-303
in refrigeration, 150, 173-175
for steam headers, 85-87
of temperature, 278
Valve rangeubility, 31, 32
Valve sizing, 30-33
Vapor compression, 190-193
Vapor-pressure comrol, 272, 273
of steam, 84, &
Variable structuring, 76
Ventilation requirements, 292, 298, 299
Viscosity control, 45, 46

Volumetric efficiency, of compressors, 114, 115

Volumetric flow, 4

Index

w

Waste-heat recovery, 99-102
Wet-bulb temperature, 214,215

in buildings, 310

from combustion, 231, 232

and dew point, 224, 227
White,M.H., 131,136
Wobbelndex,42,43
Wood as fuel, 49
Work,4-10

accounting, 23, 177-180

available, see Available work

conservation of, 21

in low-pressure steam, 74

of pumping, 29

in refrigeration, 145-148, 155-157
Work-heat balance, 68-77, 85-87

y

Yarway Corporation, 8

321





