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Abstract

Inventory or material balance control is an important part of processaoA requirement
is that the inventory control system is consistent meaning that the steaeyrstas balances
(total, component and phase) for the individual units and the overalt plensatisfied. In
addition, self-consistency is usually required, meaning that the mass esalane satisfied
locally with local inventory loops only. In practice, if a control structure isonsistent, then
at least one control valve will become fully open (or in rare cases cj@saticannot attain its
set point. The main result of this paper is a self-consistency rule forauadLthe consistency

of inventory control systems.

Introduction

One of the more elusive parts of process control educatiowéntory or material balance control.
An engineer with some experience can usually immediatefyifsa proposed inventory control
system is workable. However, for a student or newcomer tdi¢kait is not obvious, and even for

an experienced engineer there may be cases where expeaihgguition are not sufficient. The
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objective of this paper is to present concise results omiorg control, relate to previous work, tie
up loose ends, and to provide some good illustrative exanflee main result (self-consistency
rule) can be regarded as obvious, but nevertheless we hageemit presented in this way before.

The main result is a simple rule to check whether an inventorntrol system iconsistent
Here, consistency means that the mass balances for the patitt are satisfietlIn addition, we
usually want the inventory control system to af-consistent Self-consistency means that, in
addition to plantwide consistency, the mass balance fdan ead is satisfied by itself (locally),
without the need to rely on control loops outside the unit. £gtency is a required property, be-
cause the mass balances must be satisfied in a plant, wheleegrsistency is a desired property
of an inventory control system. In practice, an inconsistentrol structure will lead to a situation
with a fully open or closed control valve and the associatedrol loop cannot fulfill or attain the
control set point.

In most plants, we want the inventory control system to usgk PID controllers and be part
of the basic (regulatory) control layer. This is becausg ganerally desirable to separate the tasks
of regulatory (stabilizing) control and supervisory (ecomc) control. From this it follows that the
structure of the inventory control system is usually diffi¢ca change later.

The importance of consistency of inventory control struesus often overlooked. Our work is
partly inspired by the many examples of Kida, who has givelugtrial courses in Japan on control
structures for many years. In a personal communictimstates thadimost process engineers,
and even academic people, do not understand the seriousepmof consistency of plantwide
control configurations. When writing a paper, you have to dieaxplain this point and make
them convinced at the very outset. Otherwise they will narisb or read through your detailed
statements, but skip them all”

A very good early reference on inventory control in a pladievsetting is Buckley’.He states
that material balance control must be in the direction of flmwnstream a given flow and opposite
the direction of flow upstream a given flow. Price and Geogakitended this and state that the

inventory control must “radiate” outwards from the pointaofiven flow (throughput manipula-
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tor).14 As shown in this paper, all these statements are a consegjoénequiring the inventory
control system to be self-consistent.

Downs® provides a very good discussion of material balance coiriral plantwide control
environment, with many clarifying examples. However, is@newhat difficult for the reader to
find a general rule or method that can be applied to new cases.

Luyben et al® propose a mainly heuristic design procedure for plantwinigrol. The pro-
cedure consist of, among other§tép 6. Control inventories (pressures and levels) and fix a
flow in every recycle lodp Possible limitations of this guideline are discussedh@e present pa-
per. Another guideline of Luyben et al. is tensure that the overall component balances for
each chemical species can be satisfied either through macii exit streams by accounting for
the component’s composition or inventory at some pointénpitocess’” As discussed later, this
guideline is a bit limited because entrance (feed) streameticonsidered.

Specific guidelines for designing inventory control stuwes are presented by Georgakis and
coauthorst* They propose a set of heuristic guidelines for inventorytilesign in a plantwide
environment and also discuss consistency. The authorstalgthe importance of a self-consistent
inventory control structure:Self-consistency appears to be the single most importhatacter-
istic governing the impact of the inventory control struetan system performante

As already mentioned, Fujio Kida from JGC Corporation in Jelpas developed a lot of teach-
ing materiaf and written several papers on inventory control, elgnfortunately, the work is
published in Japanese only, but nevertheless it is cleathibee are many detailed rules and some
require detailed calculations. Our objective is to denivpossible, a single rule for evaluating the
consistency of inventory control system that applies tacadles and that only requires structural
information.

The objective of this paper is to present a simple rule, satisistency rule, for evaluating the
consistency of inventory control systems. Note that thegmepaper focuses on analysis of a given
control structure. The design of the inventory control sgstwhich in particular is related to the

placement of the throughput manipulator, is discussed irerdetail in Aske®
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Remark on notationin this paper, when a flow is left unused or with a flow congpl(IFC),
then this indicates that this flow ot used for inventory control. Instead the flow is either (1)cuse
as a throughput manipulator (TPM), (2) given by another péthe plant (disturbance for our
part), (3) fixed or (4) left as a degree of freedom for otherticnasks. Also note that the general
term used in this paper for an inventory controller is IC. Tinsially involves a level controller

(LC) (liquid) or a pressure controller (PC) (gas).

Definition of self-consistent inventory control

The dynamic mass balance for total or component mass in amyuprocess section can be
written:®

Inflow + Generation - Outflow - Consumption = Change in inventory Q)

To keep the inventory within bounds, the change in inventonst be within bounds, and over a
long time (at steady-state) the change in inventory mustee. zZThus, there must be a balance
between the In-terms (inflow + generation) and Out-termgflmu + consumption). However,
without control this is not necessarily satisfied. The mdijective of the inventory control system
is to “stabilize” or provide “self-regulation” of all invearies such that the mass balances are
satisfied. This leads to the self-consistency rule, whigha@smain result in this paper, but let us

first defines some terms.

Definition 1. Consistency An inventory control system is said to tensistentf the steady-state
mass balances (total, components and phases) are satigfiady part of the process, including

the individual units and the overall plant.

Remark. The use of mass balances for a phase may seem odd, and is discussed detaib in the next

section.

Since the mass balance must be satisfied for the overall l&ritows that a consistent inven-

tory control system must b&ble to propagate a production rate change throughout thecess
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and in particular if such a change produces changes in the fiies of major feed and product
streams” !

Note that the above definition of consistency allows for §doops” (not local loops) where,
for example, the feed rate controls the inventory at therotihe of the process (as illustrated in
Figure Figure 4). This is often undesirable and self-cdesisy is when the steady-state mass

balances are satisfied also locally. More precisely, wegsephe following definition:

Definition 2. Self-consistencyA consistent inventory control system is said te®ké-consistentif
there islocal “self-regulation” of all inventories. This means that foaeh unit thelocal inventory
control loops by themselves are sufficient to achieve stetatg mass balance consistency for that

unit.

Remark 1 “Self-regulation” here refers to the response of the process with itsiioe control system
in operation. If self-regulation is achieved without active control then igisferred to as “true” self-

regulation.

Remark 2 The term ‘local inventory control loops” means that no control loops involving manipulated
variables outside the unit are needed for inventory control of the wet Fsgure 4 for a system that does

not satisfy this requirement).

Remark 3 The definitions require that the “steady-state mass balances” are satfgéiede here referring
to thedesiredsteady-state, because an inconsistent inventory control system reagy gfiiwady-state but it is
not the desired one. For example, a component with no specified exit eiiteaily have to exit somewhere

but this may not be a desired operation point.

Example 1. Self-regulation.“Self-regulation” may or may not require “active” controlas men-
tioned in Remark 1. As an example, consider regulation afidignventory (m) in a tank; see

Figure 1(a). The outflow is given by a valve equation

mout = Cyvf(2)\/Ap-p  [kg/s] 2)
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where z is valve position. The pressure drop over the valve is

Ap= p1—p2+pgh (3)

where h is the liquid level, which is proportional to the massemmory, e.g., m= hpA for a tank
with constant cross section area A. If the pressure dxppdepends mainly on the liquid level h,
then the inventory m is self-regulated. This is the caseguré 1(a) where p= p> SOAp = pgh
and the entire pressure drop over the valve is caused by dquédlievel. Thustinou: ~ vh, which
means that without control a doubling of the flaw,; will result an a four times larger liquid level
(h). If this change is acceptable, then we have self-regaiatin other cases, it may be necessary
to use “active” control to get sufficient self-regulationtb inventory. Specifically: In Figure 1(b),
p1 — P2 = 99 bar so the relative pressure contribution from the ligledel (ogh) is much too small
to provide acceptable self-regulation. For example, foaayé tank of water with k= 10 m, the
contribution from the level is only aboit% (pgh~ 1000 kg/m- 10 kg m/é - 10 m = 1% N/n? =

1 bar). In this case “active” control is required, where thev&d controller (LC) adjusts the valve

position z, see Figure 1(b).

@ p1 =1 bar @ p1 =100 bar
Ly ;

: | —————2 :

_DQQ" m m '@

h h .
P2 = v P2=
[Q]lbar [i]lbar
(a) Self-regulation is possible without (b) “Self-regulation” requires level control.

“active” control.

Figure 1: Self-regulation of inventory in a tank with a giviered rate.
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Self-consistency rule

As a direct consequence (implication) of the statementsarsection above, we propose the fol-

lowing rule to check if an inventory control system is seadfsistent.

Rule 1. “Self-consistency rule”: Self-consistency (local “self-regulation” of all inventes) re-

quires that

1. The total inventory (mass) of any part of the process Yumiist be “self-regulated” by its
in- or outflows, which implies that at least one flow in or out of @art of the process (unit)

must depend on the inventory inside that part of the proasss) (

2. For systems with several components, the inventory of eactponent of any part of the

process must be “self-regulated” by its in- or outflows or bywtical reaction.

3. For systems with several phases, the inventory of eactepifasy part of the process must

be “self-regulated” by its in- or outflows or by phase traneiti

Remark 1 The above requirement must be satisfied for “any part of the prockesgfactice, it is sufficient

to consider the individual units plus the overall process.

Remark 2 A flow that depends on the inventory inside a part of the process, isgdtdmno be on “inventory
control”. Inventory control usually involves a level controller (LC) (liduor pressure controller (PC) (gas
and in some cases liquid), but it may also be a temperature controller (Ti@position controller (CC) or
even no control (“true” self-regulation, e.g. with a constant valve oyggn Obviously, a flow controller

(FC) can not be used for inventory control because flow is not a mea$inventory.

Remark 3 It is possible to extend the “self-regulation” rule to energy inventory,thigtis not done here.
We also doubt if such an extension is very useful, because in mosttbt@sesergy balance will maintain
itself by “true” self-regulation (without control), for example becauseaamer inflow in a tank leads to a

warmer outflow.

Proof of self-consistency rule.
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1. A boundary (control volume) may be defined for any part of the ggsc Letm [kg] denote the
inventory inside the control volume and let, ‘and myy; [kg/s] denote in- and outflows. Then the

(total) mass balance is

S i Y o [koys] @)

If My, andmyyt are independent (or weakly dependent) of the inventotiien this is an integrating
(or close to integrating) process whemewill not return to its desired steady-state (it will drift to an
undesirable steady-state). To stabilize the inventory we must have éggifation” wherar, or Myt
depends on the inventorynf, such thamis kept within given bounds in spite of disturbances. More
precisely,m, must decrease whan increases omy, must increase whem increases, such that

is kept within given bounds in spite of disturbances.

2. Similarly, letna [mol A] denote the inventory of component A inside the control volume anihlgt
andna oyt [Mmol A/s] denote the in- and outflows. The mass balance for component A is

dna

ar z NAin — z Naout+Ga  [Mol A/s] %)

whereGay is the net amount generated by chemical reaction. Agaim jif, Na out andGp are inde-
pendent (or weakly dependent) of the inventogythen this is an integrating (or close to integrating)
process wherea will not return to its desired steady-state. To stabilize the inventory we must ha
“self-regulation” wherena in, Na out Or Ga depend oma such thaty is kept within given bounds in

spite of disturbances.

An example where the inventony is self-regulated because of the reaction t&xms the irreversible
reactionA+ B — P, whereB is in excess and is the limiting reactant. In this case, an increase in

inflow of A (Nain) Will be consumed by the chemical reaction.

3. The rule for the individual phase follows by simply defining the contmume as the parts of the
process that contain a given ph&sand applying the mass balance to this control volumentdkg]

denote the inventory of the given phase inside the control volume anﬂi}eandmpout [kg/s] denote
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the in- and outflows. The mass balance for a given phase is then

n’’ : :
= Y- St & ko] ©

whereGF is the net phase transition over the phase boundany, Ji7,; andG” are independent (or
weakly dependent) of the inventory then this is an integrating (or close taatireg) process where
mP will not return to its desired steady-state. To stabilize the inventory we must‘alf-regulation”

wheren¥ , b, or G” depends on the inventorynl) such thatn® is kept within given bounds in spite

of disturbances.

An example where we need to consider individual phases is a flash tasre whwo-phase feed is

separated into gas and liquid.
O

Example 2. Stream with two valves. To demonstrate the self-consistency rule on a very simple
example, consider a single stream with two valves; see Figiae Zhere is only a single (small)
hold-up m in this simple process (illustrated by the big dset) consistency and self-consistency
are here the same. The pressure p depends directly on th&amyem (for a liquid the dependency

is very strong; for anideal gasitis ¢ mTRT). Thus, self-regulation of inventory is the same as self-
regulation of pressure. To apply the self-consistency, mukedefine a control volume (dotted box)
as shown in Figure 2 and note that the inflow is om flow controllifoar cases, that is, the inflow

is independent of the inventory m. Thus, according to Ruie Have consistency (self-regulation),
the outflow must depend on the pressure p (inventory m) and spacifically the outflow must
increase when p increases.

Four different control structures are displayed in FigureAtcording to Rule 1, the structure in
Figure 2(a) is consistent since the outflow increases wheprssure p (inventory m) increases.
Thus, we have “true” self-regulation with no need for activentol.

The control structure in Figure 2(b) is not consistent besmthe outflow is independent on the
inventory m. Even if the set points for the two flow controlleese set equal, any error in the

actual flow would lead to an imbalance, which would lead to acdation or depletion of mass

9
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I m I

(a) OK (consistent control structure since outflow depemdseentorym).

FCs FCs

v
-
; r=="

I m I

(b) Not consistent control structure since outflow is fixed.

i@‘

O O
e R

(c) OK (consistent control structure since outflow deperdgeentorym).

FCs PG
v v
O
s I s
—@— >
I m |

(d) Not consistent control structure since outflow does epetd correctly on inven-
tory m.

Figure 2: Four different control structures with two vahasd fixed inflow. Note: For the flow
controllers (FC) it does matter whether the valve is downstream (as sHmwe)aor upstream of the flow
measurement.

10
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and the inventory would not be self-regulated.

The structure in Figure 2(c) is consistent because the autfiwreases when the pressure
(inventory m) increases.

Finally, the control structure in Figure 2(d) is not congst because the outflow depends on
the inventory m (and pressure) in the wrong (opposite) manmerunderstand this, consider a
decrease in inflow, which will lead to a decreased pressureerctintrol volume. A lower differ-
ential pressure over the pressure-controlled valve leada smaller flow through the valve and
the pressure at the downstream measuring point will decrdaadjng the pressure controller to
openthe valve. The result a further pressure decrease in theralovillume, so the pressure con-
troller is actually working in the wrong direction. The opegiaf the pressure-controlled calve will
also affect the flow-controlled valve and, depending on th@asmt of the controllers, either the
flow-controlled valve or the pressure-controlled valve witira to fully open. The other pressure-
controlled valve or flow-controlled valve will continue to ¢t pressure or flow. It should also be
noted that the pressure control loop is in the directappositeto flow, which is not correct when
the inflow is given (see further discussion in next section).

This is confirmed by dynamic simulations of the simple cordtgn in Figure 2(d) using the

flowsheet simulator Aspen HY SR§&ee Figure 3):

10% increase in FC set point: The FC saturates at fully open and the PC maintains its settpoi

(Figures 3(a) and 3(b)).

10% decrease in FC set point: The FC maintains its set point and the PC saturates at fulgnop

(Figures 3(c) and 3(d)).

5% increase in PC set point: The FC maintains its set point and the PC saturates at fullgmop

(Figures 3(e) and 3(f)).

5% decrease in PC set point:The FC saturates at fully open and the PC maintains its settpoi

(Figures 3(g) and 3(h)).
In all cases the system is assumed to be at steady-statdlyniti

11
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(b) Increase FC set point: PC values.

100
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0 50 100 150
(f) Increase PC set point: PC values.
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o N IR TR —————— e ]
Ps p
-1' 1 1 -
0 50 100 150

(h) Decrease PC set point: PC values.

Figure 3: Dynamic simulations of the simple configuratiorFigure 2(d). Left column: Flow
controller. Right column: Pressure controller. In all casee of the valves move to fully open.
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A remark about the sign of the controllers: Overall, the colidér and the plant should give a

negative feedback loop:

1. Flow control. Opening a valve always increases the flow (positive gaimd, flow controller

is always “reverse acting” (with a negative feedback sign).

2. Level and pressure control The controller sign depends on the location of the valvetinad
to the inventory (level or pressure). If control is in theadition of flow (with the inventory
measurement for level or pressure upstream the valve) tieenantroller must be “direct
acting” (positive feedback sign), if control is in oppositeection of flow then it must be

“reverse acting”.
These rules where used when tuning the controllers in Figure

Example 3. Units in series. To understand the difference between the terms consist@wsfy (
inition 1) and self-consistency (Definition 2), considerdantory control of the series process in
Figure 4. The control structure isonsistentand is able to propagate a production rate change to
a change in the feed rate. However, the in- and outflows for teieuait (dashed box) do not de-
pend directly on the inventory inside the unit and the cdmtotume is thereforeot self-consistent
according to the “self-consistency rule”(Rule 1). This caso be seen because the inventory con-
trollers are not in the direction opposite to flow as they dddae for a self-consistent process with
a given product rate (see also next section). To make thetsteiconsistent we have in Figure 4
introduced a “long loop” where the inflow to the first unit is ws& control the inventory in the

last unit.

Figure 4. Consistent, but not self-consistent inventoryti@structure.

13
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Example 4. Phase transition In some cases, phase transition needs to be considereelifer s
consistency. Consider Figure 5 where the inflow F is given. Taosording to Rule 1, to have
consistency the outflow must depend on the inventory in tie ta

In Figure 5(a), the inflow is a single phase (liquid) and theflmw from the single-phase tank
is split in two liquid streams (Land Ly). There is one inventory, so for self-consistency, one
of the outflows must be on inventory control whereas the oth#loaucan be flow controlled.
This follows because the adjustable split introduces araedggree of freedom, but the number of
inventories that need to be controlled is unchanged.

In Figure 5(b) the inflow is two-phase (liquid and vapor) andrihare two inventories (liquid
and vapor) that needs to be regulated. To have a consisteaeniary control structure, both the
outflows (vapor and liquid) must be used for inventory controFigure 5(b) this is illustrated by
the LC (liquid inventory) and PC (vapor inventory). In thiase, the split does not actually give
an extra degree of freedom because the split is indirectigrdened by the feed quality (fraction
of vapor).

A~

I
F
I

e

\ | X
L1
(a) Single-phase tank: Adjustable split. (b) Two-phase tank: Splitindirectly fixed by in-

ventory control.

Figure 5: Self-consistent inventory control of split witheoand two phases.

14
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Specific rules and consistency of flow networks

In a flow network there is at least one degree of freedom,at#tle throughput manipulator (TPM),
which sets the network flow. More generally,TPM is a degree of freedom that affects the net-
work flow and which is not directly or indirectly determined hg tontrol of the individual units,
including their inventory contro? Typically, a fixed flow (e.g. flow controller with an adjustabl
set point) is a TPM. As discussed in more detail below, thatioa of the TPM is very important.
In particular, if the flow network has no splits or junctiotfsen for a given placement of the TPM,
there is only oneelf-consisteninventory control system.

However, at splits (e.g. multiple products) or junctiongy(emultiple feeds), there are several
possibilities. At a split or junction, a common choice is teeuthe largest flow for inventory
control® For example, with a given feed, the largest product stream meaused for inventory
control with the flow rates of the smaller product streamsldse quality control. Similarly, with
a given production rate, the largest feed rate is often usad¥entory control and the smaller feed
flows are set in ratio relative to this, with the ratio set pgiossibly used for quality control.

The objective is now to apply the self-consistency rule talyre inventory control structures

for real processes (flow networks). We consider three nétwlasses:
1. Units in series
2. Recycle systems
3. Closed systems

A series network may have splits, provided the flow is stilthe same direction. Note that
each single-phase split introduces one extra degree aldnedthe split ratio; see Figure 5). A
recycle system contains one or more splits that are (pdettipack to the system. A closed system

has total recycle with no feeds or products.

15
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Units in series (“radiating rule”)

As mentioned above, if there are no splits or junctions, tieation of the throughput manipulator
determines the self-consistent inventory control stngct&pecifically, a direct consequence of the

self-consistency rule is
e Inventory control must be in direction of flow downstream teation of a fixed flow (TPM).

e Inventory control must be in direction opposite to flow ugain the location of a fixed flow

(TPM).
More generally, we have:

Rule 2. Radiation rule Price and Georgakist A self-consistent inventory control structure must

be radiating around the location of a fixed flow (TPM).

These rules are further illustrated in Figure 6.

%
%»@

©;
-

(a) TPM at inlet (feed): Inventory control in direction of flo
@ O
v = i

(b) TPM at outlet (on-demand): Inventory control in directiopposite to flow

©:; O

[

e

== -y

(c) General case with TPM inside the plant: Radiating inegntontrol

Figure 6: Self-consistency requires a radiating inventamytrol around a fixed flow (TPM).
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Recycle systems

A recycle system usually has an adjustable split, which (mitalways)“introduces an extra
degree of freedom for control of the network floOn the other hand, the requirement of self-
consistency imposes limitations. As an example, consigesimple single-phase recycle example
with a fixed feed and an adjustable split in Figure 7 (therepsm@p or compressor in the recycle
loop which is not shown). Figures 7(a) and 7(b) have consistesentory control structures,
because the outflows from units 1 and 2 depend on the invemtsige each unit. In both cases
one flow in the recycle loop is fixed (flow controlled with an@astpble set point that may be used
for other purposes than inventory control). Note tiet inventory control in the recycle loop can
be either in direction of flowWFigure 7(a)) odirection opposite to floWFigure 7(b)), because the
flow rate can be fixed at any location in the recycle loop.

In Figure 7(c) the inventory loops for units 1 and 2 are pawpgosite. This structure is not
self-consistent because the inventory of unit 2 is not “ssdjulated by its in- or outflows” and thus
violates Rule 1. In addition, the inventory control of unit€juires that the other inventory loop is
closed, and thus violates Definition 2.

Finally, Figure 7(d) is obviously not consistent since bibih feed rate and the product rate are
fixed. In particular, the inflow and outflow to the dotted boxraid depend on the inventory inside

this part of the process, which violates Rule 1.

Remark. This simple example seems to prove the rule tluaie‘ flow rate somewhere in the recycle loop
should be flow controll€d1® This rule follows because there is an extra degree of freedom intrddce
the split, but the number of inventories that need to be controlled are ugetiaHowever, first one should
note that the set point of the flow controller is a degree of freedom whighomased for other purposes, for
example , control of composition. Second, a “counter-example” is prdvigehe self-consistent reactor-
separator-recycle process in Figure 11(a). In this case, the split achally an extra degree of freedom
because the split is indirectly determined by the feed composition to the sefdistifiation column), as

discussed in Example 4.

17
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(d) Not consistent inventory control.

Self-consistent inventory coitro

Figure 7: Inventory control of simple recycle process witreg feed.
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Closed systems

Closed systems require particular attention. It is cleamftbe total mass balance that the total
inventory of a closed system cannot be self-regulated shrexe are no in- or out streams. Thus,
our previously derived rule (Rule 1) does not really applyaAgxample, consider a closed system
with two inventories. In Figure 8(a) we attempt to controttbmventories, but the two loops will
“fight each other” and will drift to a solution with either alfgiopen or fully closed valve. For
example, a (feasible) solution is to have zero flow in theeyThe problem is that the flow is not
set anywhere in the loop. To get a consistent inventory obstructure,one must let one of the
inventories be uncontrolleds shown in Figures 8(b) and 8(d)he corresponding unused degree
of freedom (flow) sets the flow rate (“load”, throughput) of #lesed system.
To be able to use our self-consistency rule (Rule 1) for cleystems there are two alternative
“fixes”:
1. Let the total inventory be uncontrolleddt self-regulated), which is how such systems are
usually operated in practice. Typically the largest singientory is uncontrolled. However,
the remaining inventories must be self-regulated, as usoidave self-consistency of the

inventory control system.

2. Introduce a “dummy” stream that keeps the total inventagstant. This corresponds to
allowing for filling (charging) or emptying the system. Inagtice, this stream may be a
make-up stream line that refills or empties the largest itorgne.g. on a daily or monthly

basis.

Both approaches allow for disturbances, such as leaks ohlsuppe inventory control system can
then be analyzed using the normal self-consistency rulee(RulFigure 8(a) is clearly not allowed
by Fix 1 as the total inventory is not left uncontrolled. Figd(a) is also not consistent by Fix 2,
since for self-consistency the dummy stream must be usddventory control instead of one of

the two flows in the recycle loop.
Example 5. Absorber-regenerator examplén this example, the consistency rule (Rule 1) is used
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(c) Self-consistent (inventonyy is uncontrolled).
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Figure 8: Inventory control for closed system.
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for an individual phase (liquid), which forms a closed syst@uonsider the absorber and regener-
ator example in Figure 9where a component (e.g. GYds removed from a gas by absorption. The
inlet gas flow (feed) is indirectly given because there isespure control in the direction of flow
at the inlet. The gas outlet flows are on pressure control irdirextion of flow and thus depend on
the gas holdup in the plant. Therefore the gas-phase invgctmntrol is consistent. However, the
liquid flows between the absorber and regenerator make up asstdsystem” (expect for minor
losses). There is a flow controller for the recycled liquidt tbs set point is set by the inventory in
the regenerator, hence all inventories in the closed systenon inventory control, which violates
the rule just derived. To get a consistent inventory cordinlcture, we must break the level-flow

cascade loop and let the inventory in the bottom of the regeaeremain uncontrolled.

Treated gas

Absorber .

Regenerator

v

Liquid
recycle

Feed ——
gas
—>

N——

Liquid

Figure 9: Absorber and regenerator example: Not consistgnd inventory control.
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Summary of specific rules

In the literature there are many rules that deal with thentwe control structure. In addition to
the radiating rule, some useful rules that can be develojpea the self-consistency rule (Rule 1)

are:

1. All systems must have at least one given flow (throughputpukator).

Proof. Assume there is no throughput manipulator. Then all flows must be on inyeraatrol,

which will not result in a unique solution. For example, zero flow will be anvedid solution. [

2. Component balance rulé* Each component, whether important or insignificant, musehav
its inventory controlled within each unit operation and withine whole process his is also

referred as “Downs drill"3
Proof. This comes from the requirement of component self-consistency (Rule 1) O

3. A stream cannot be flow controlled more than once, that isructre with two flow con-

trollers on the same stream is not consistent.

Proof. Make a control volume with the two flow-controlled streams as in- and outflétesn neither
the inflow nor the outflow depends on the control volume and the inventoot seff-regulated. This

is demonstrated in Figure 2(b). O

4. Price and Georgakis? If a change in the throughput manipulator does not resultéhange

in the main feed flow, then the control structure is incomesist

Proof. This follows from the requirement of satisfying the steady-state mass leslanc O

5. Generalized fromt> A self-consistent inventory control structure must useféieel or the

product (or both) for inventory control.
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Proof. This follows from the steady-state mass balance. This is also discussectionS&nits in

series” and a clear illustration of this statement is found in Figure 6.

O]

6. For closed systems: One inventory must be left uncontraledi one flow in the closed

system must be used to set the load.

Proof. This follows from that all systems must have at least one given flow to lygienTo be able

to fix the load for a closed system, one inventory must be uncontrolled.

O]

The rules are summarized by the proposed procedure fortmyeoontrol system design in Ta-

ble 1, which is inspired by the inventory control guidelime®rice et al. .

Table 1: Proposed guidelines for design of self-consistamntory control system. In case of
doubt consult the general self-consistency rule (Rule 1).

1

Choose the location of the throughput manipulator

2

Identify inventories that need to be controlled including:
a) Total mass

b) Components

c) Individual phases

w

Identify manipulators suitable for adjusting each invento

Design a self-consistent radiation inventory control egst

that controls all the identified inventories. This means:

a) Inventory control in direction of flow downstream the thgbput
manipulator

b) Inventory control in direction opposite to flow upstredm throughput
manipulator

At junctions or splits a decision has to be made on which flowst for
inventory control. Typically, the largest flow is used, otlostreams are
changed such that their ratio is held constant (often the iatet by

a slower outer composition loop).

Recycles require special consideration. Make a block (ocbntiume)
around the entire section and make sure that there is sesiistency for
total mass, (individual) components and phases (if relgvan

Assign control loops for any process external flow that
remain uncontrolled. Typically, “extra” feed rates are patratio control

with the ratio set point being set by an outer compositiomploo
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Examples

In this section we apply the self-consistency rule to sonagtes from the academic literature.

Distillation column with DB-configuration

An example of a recycle system is a distillation column. Asms&om Figure 10, a distillation
column has one split in the condenséf §plits intoL andD) and one split in the reboileLg splits
into B andV). In both cases one of the streams is recycled to the colinandV, respectively).
The two splits introduce two degrees of freedom and thisggiige to many possible inventory
control structures (“configurations”), as has been disetisgidely in the literature (séé for a
summary of this discussion).

Figure 10 displays the DB-configuration, which uses refflaxad boilupv for inventory control
(condenser and reboiler level control), such that the fldw3 andB remain as degrees of freedom
for other purposes. The DB-configuration has earlier beezldaldimpossible”, “unacceptable” or
“infeasible” by distillation expert¥.2° This inventory control system also violates Luybens rule
of “fixing a flow in the recycle loop” and it is indeed true thatg inventory control system is not
self-consistent. To see this, consider the dashed box ur&ig0 where we note that none of the
flows in or out of the columnK, D andB) depend on the inventory inside the column. However,
an inconsistent inventory control system can usually beentashsistent by adding control loops
and the DB-configuration is workable (and consistent) predidne closes at least one extra loop,
for example by usindD to control a temperature inside the colufir?? Thus, labeling the DB-

configuration as “impossible” is wrong. In summary, the DByiguration is not self-consistent,

but it can be made consistent by adding a temperature (ora@sitign) control loop.

Remark 1 An example of a self-consistent inventory control structure for distillatidihéscommon LV-
configuration, where the two level loops have been interchanged saidh #mdB are used for level control
andL andV remain as degrees of freedom (e.g. on flow control). In the LV-cordign, inventory is

controlled in the direction of flow, as expected since the feed is given.
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Figure 10: Example of inconsistent inventory control alyobe process: Distillation column with
DB-configuration.

Remark 2 An additional inventory issue for distillation columns is related to the split betdigahand
heavy components (component inventory). One may regard the coluniiteag'awith light component in
the upper part and heavy in the lower part. Thus, one is not really freet the split betweeb andB and
to avoid a “drifting” composition profile (with possible “breakthrough” of ltgfomponent in the bottom
or of heavy component in the top), one must in practice close a quality (exgpetature or pressure) loop
to achieve component self-consisteriyFor example, for the LV-configuration one may use the boilup
to control a temperature inside the column. This consideration about corgrgincolumn profile also
applies to the DB-configuration. Thus, in practice, the DB-configuragguires closingwo quality loops
to maintain mass and component balances. This means thablatdB must be used for quality control

for the DB-configuration, rather than only oredr V) for the LV-configuration.
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Reactor-separator-recycle example with one reactant

A common recycle example from the academic literature ise¢hetor-separator-recycle system in
Figure 11. The system has a continuous stirred-tank re@C®FR) with an irreversible, isother-
mal, first order reactiod — B, followed by separation (distillation) and recycle of theeacted
feed component back to the reactor (&4529.

The feed ) is pure reactar and the component mass balances become

Component A: Fo=K(T)-%a-V+B-Xga
~———

—Gp=Gg

Component B: Kk(T)-xa=B-Xsg
G
B

wherex is the mole fractiony is the reactor volume ark{T) is the reaction rate constant. Note
that B = Fy [mol/s] at steady-state. Componehtenters the process in the feed stream and its
consumption in the reactor increases with the amount of Ae iflkentory of componemA is
therefore expected to be self-regulated by the reaction. gooemtB is produced in the reactor
(Gp) and exits the process in stre@nComponenB is not self-regulated by the reaction (because
the reaction rate is independent of the amounBp&nd thus requires a controller to adjust its
inventory.

Two different control structures for the reactor-separagaycle process are displayed in Fig-
ure 11. Both have fixed feeétd) and inventory control is the direction of flow. Thus, botthloém
are self-consistent in total mass, because the ouBléevm the process depends on the inventory
inside the process (indicated by the dashed control volRle 1). Since the outflol mainly
consist of componerB, this implies that both structures are also consistent-(eglulated) with
respect to the inventory of compondtThe difference between the two structures is related to the
control of componen&. The “conventional” structure in Figure 11(a) uses the bvHoguration
for the distillation column where the refluk) controls the composition in the recycle (distillate)

D. The structure in Figure 11(b) uses the DV-configuratiorttiercolumn where the reactor com-
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(b) Composition control of reactor composition: Not cotesis for componenaA.

Figure 11: Reactor-separator-recycle process with oneaneta@).
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positionx o is controlled instead of the recycle (distillate) compiosit

As already mentioned, the inventory of compon@ris expected to be self-regulated by the
reactionA — B, so one would expect both structures to be consistent wsiheiet to componemst.
In fact, both structures would be consistent if s@movedhe composition loop tn the recycle loop
(thus, fixing refluxL in Figure 11(a) and fixing recycl in Figure 11(b)). With the composition
loop closed, the “conventional” structure in Figure 11@nains consistent, but not the structure
with control of reactor composition in Figure 11(b). Thegeafor the inconsistency is that control
of reactor composition eliminated the self-regulation bgiation: The amount ok that reacts is
given by —Ga = Gg = K(T )% AV and with fixedx, o (because of the controller], andV there is

no self-regulation. The inconsistency of this control stmwe is pointed out by e.g?°

Remark 1 The control structures in Figure 11 would both be self-consistent wittloging the compo-
sition loop (CC) in the recycle part of the process, that is, with_(&xed or (b)D fixed. The reason for
closing these composition loops is therefore not for consistent inventoryat but rather for other (eco-
nomic) reasong® The interesting point to note, is that cosing an extra loop can in some casestimeak

system inconsistent (Figure 11(b)).

Remark 2 Luyben has proposed to make the system in Figure 11(b) consistentdjuioiing an adjustable
reactor volume, but this is not a good solution, because we always was¢ the maximum reactor volume

for economic reasons (energy savirig).

Remark 3 The inventory of componerA is expected to be self-regulated by the reactor: B. More
precisely, the amount that reacts-i6a = kx AV and the compositior, o will “self-regulate” such that at

steady-stat€p ~ —Ga, that is,x. A ~ Fo/(kV).

Remark 4 We already noted that fixing a (Figure 11(b)) breaks this self-regulation and makes the system
inconsistent. A related problem is when the reactor volihig too small relative to the fedg, such that

the required o exceeds 1, which is impossible. In practice, if we increase the feeByated approach this
situation, we will experience “snow-balling® where the recycl® becomes very large, and also the boilup

V becomes very large. Eventually,may reach its maximum value, and we loose composition control and
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we will get “break-through” ofA in the bottom product. Snow-balling is therefore a result of a too small

reactor.

Remark 5 Consider the same process (Figure 11), but assume that the frestifeedntains an inert
component in addition to the reactam. If | is more volatile than componeBt then componentwill be
recycled back to the reactor and will accumulate in the process. None ivéirgtory control systems in
Figure 11 are consistent for the inérfo make the system self-consistent for the inert, a purge stream must

be introduced where part of streddris taken out as a by-product.

Reactor-separator-recycle process with two reactants

Another well studied recycle example is a reactor-separatycle process where two reactafts
andB reacts according to the reactién-B — C (e.g2’). ComponenB is the limiting reactant
as the recycld® contains mostly compone#t Two different control structures are displayed in
Figure 12. In both cases the distillate fl@v(recycle ofA) is used to control the condenser level
(main inventory ofA).

In Figure 12(a), both fresh reactant feeBg &ndFg) are flow controlled into the reactor, where
reactantA is set in ratio to reactam such thatrs/Fg = 1. This control strategy is not consistent
because the two feeds is not independent and one of them teekeslependent of the inventory
inside since it not possible to feed exactly the stoichisimettio of the two reactant® Any
imbalance will over time leas to a situation where the rezyafl A either goes towards zero or
towards infinity.

To get a consistent inventory control structure, the firguineement is that one of the feed rates
(Fa or Fg) must be dependent on what happens inside the process hstiohet at steady-state can
achieveFa = Fg. One solution is to fideg (the limiting reactant) and adjuBk such that the desired
excess ofA is achieved, resulting in the self-consistent controlcttrte in Figure 12(b). HerBa
depends on the inventory éfas reflected by the recycle flov by keeping the reactor feed ratio
(Fa+ D)/Fg constant at a given value (larger than 1 to mBKae limiting reactant). The structure

is consistent for all component§: has an outlet in the bottom of the coluntjs self-regulated
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(b) Self-consistent structure where feed of reactadépends on inventory & (as reflected byD)

Figure 12: Reactor-recycle system with two reactaAts B).
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by reaction because it it the limiting reactant, and the f&@fe8l depends on the inventory &f

There exist also other consistent inventory control stme, e.g. seé? but these seem to be
more complicated than the one proposed in Figure 12(b). ¥amnple, one could keep the recycle
D constant and uskEa to control the condenser level (main inventoryA)f but the dynamics for

this “long level” loop are not favorable and this consiststniicture is not self-consistent.

Conclusion

Consistency is a required property since the mass balancgdmaatisfied for the individual units
and the overall plant. An inventory control system can bduatad whether it is self-consistent
(local “self-regulation” of all inventories) by using thel&consistency rule (Rule 1). The self-
consistency rule follows from the mass balance that musatisfied for the total mass, component
and individual phases.

A direct consequence of the self-consistency rule is theiatson rule”! which states that the
inventory control structure must be radiating around tleation of a fixed flow. Other useful rules
that can be developed from the self-consistency rule, isathaystem must have at least one given
flow (throughput manipulator). Thus, for closed systems mventory (preferable the largest)
must be left uncontrolled.

Luyben provides the rule to “fix a flow in each recycle”. If wedrpret the term “fix a flow” to
mean “do not use a flow for inventory control”, then this ruédws from the requirement of self-
consistency provided the recycle loop contains a splitititedduced an extra degree of freedom.
If no degree of freedom is introduced by the recycle, as ie@écase if we have a separator or flash
where the split is (indirectly) fixed by the feed propertig®n this rule is not a requirement, e.g.

see Figure 11(a), where all the flows in the recycle loop anentory control.
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