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Abstract

We show in this paper that the common method of specifyifigi, in
design of heat exchanger systems may lead to wrong deciaimhshould
be used with care. Although specifyidgliyi, is reasonable for heat ex-
changer networks synthesis with given stream data, it shool generally
be used for obtaining optimal design data - and especialfystieam data
(temperatures). An alternative simple TAC method is suggkeand com-
pared with theATnin-method on three vapour compression (refrigeration)
cycle case studies.
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1 Introduction

In process design one seeks to optimize the future income of the plant. This
might be realized by minimizing the total annualized cost (TAAc = Joperation
Jcapita|[$year1}. However, this requires information of the capital cost, which is of-
ten too detailed in a preliminary study.
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An alternative simple and common approach for design of processes vath he
exchangers, especially at an early design stage, is to specify the mininpuoaelp
temperature £Tyin) in each heat exchanger. The idea is that this specification
gives a reasonable balance between minimizing operating costs (fayoaeahiall
ATnmin) and minimizing capital costs (favored by a lafy&nin). As an example,
Figurel shows a hot streanT{) transferring heat to a cold stream with constant
temperatureT;). Stream 2 is hot exhaust gas that one would like to cool to capture
its energy and this is done by vaporizing water in stream 1. A low valueTgi,
means that a lot of the energy is recovered, but it requires a largexaanger.

On the other hand, a higher value &1, will require less area, but the outlet
temperaturel, will be higher and less energy is recovered. There exists many
rules of thumb for the value dkTni,. For example Turton et allf page 250)
recommends 10C for fluids and BC for refrigerants.
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Figure 1: The effect of different values fOfyin

Note here that we are referring tiesignas it is reasonably well known that we
should never specifATyin during operation where the heat exchanger areas are
given and should be used as constraints rather Agf,. However, even when it
comes to design, specifyidglhin (and maybe varying it in an outer loop), does not
always result in a good design, except for simple cases. To understanspec-
ifying ATmin in design may not be correct, consider the following three problems:

Problem 1 Detailed optimal designbased on minimizing TAG year'] (e.g.2):
min (Joperation+ Jcapital) 1)

where Japital = ¥ icunits (Chixed,i+ Cvariable,i* §" ). Here $is the characteristic size
for the unit (area inm? for heat exchangers), and the cost factorsx{g; and
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Cuariable,j) @nd cost scaling factor;rare constants for each unit (e.g. heat exchang-
ers). T is the capital depreciation time, e.g=T10years

Problem 2 Simplified optimal designwith specified\Tyin:

min(Joperation) (2)
subjectto AT —ATnini >0

After solving this problem one can obtain the heat exchanger afgas) ( Note

that the capital costs (heat exchanger area) are not included, solyhiactor to
optimize (minimize) is the operating cost. Thus, provided there are degrees of
freedom available, for example if the stream data are not fixed, optimizailbn w
favor designs where the temperature differefi€es close taA T, throughout the

heat exchangers because this improves energy efficiency butatagshanything.
Specifying ATmin Will therefore tend to give designs with large heat exchanger
areas.

Problem 3 Optimal operationwith given heat exchanger areasy4\ (e.g. found
from Probleml or 2):

min(Joperation) 3)
subjectto  A—Anaxi <0

The solution to Probler in terms of optimal stream data (temperatures) will be
the same as to Problefy but not generally the same as to Probl2mTo un-
derstand this, note that with the areas given (Prob®there is no particular
incentive to make the temperature differedCE “even” throughout the heat ex-
changers. Provided there are degrees of freedom, we will theriéfiokr¢hat AT
from Problem3 varies more through the heat exchangers thitifirom Problem2.

In particular theA T, obtained from Probler is usually smaller than that speci-
fied in design (Problerfl) even when the areds are obtained by solving Problem
2 (see the introductory example below). Thus, the optimal nominal operating po
(solution to ProblenB) is not the same as the nominal simplified design point (so-
lution to Problen®). From this it is clear that specifyinfyTn,;, in design cannot be
optimal.

Note that we are here discussing the us& i, for individual heat exchangers and
not for heat exchanger networkAT,n is often used in design of heat exchanger
networks (e.g. see the review paper 3)y but hereAT,, refers to the “pinch”
temperature for the entire network. Thiddn,, is used to set the target for energy



recovery and the stream data (temperatures) are assumed given se tiAThn
may be justified.

The objective of this paper is to study th&y,;,-method (Problen®) in more detail
and suggest an alternative simple design method for heat exchangansys
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Figure 2: An ammonia refrigeration system

2 Introductory example: Ammonia refrigeration cycle

The ammonia refrigeration cycle for cold storage presented)iis Shown in Fig-
ure2. We use the following conditions:

Qloss =20kw

Ambient temperaturgéy = 25°C

Cold storage (indoor) temperature set pdjit= —12°C
¢ Heat transfer coefficient for the evaporator and condetiser500 W niZ°C 1

The temperature controller adjust the compressor power to maiiga# which
indirectly givesQc = Qioss The main model equations are given in Table



Table 1: Structure of model equations for the ammonia case study
Heat exchangers (condenser and evaporator)
Q=U- [ATdA=m- (hoy— hin)
P= Psat(Tsat)
m=p/V
Valve
m=2z-G//AP-p hout = hin
Compressor
Ws = m(hout — hin) = m- (hs—hin) /n

The operational cost is given by the compressor podgkktion= Ws), SO with the
ATnin-method, the optimal design problem, see Probkeirecomes:

min(Ws)

ATcon - ATmin,con > 0

We choosé\ T, = 10°C in both the evaporator and the conden&gr The result-
ing heat exchanger areAsare then obtained fro® = [ (U - AT)dA.

As noted in the introduction the solution to Equatibdoes not give optimal op-
eration with the resulting areas. The re-optimized operation problem with give
areas, see Proble®) becomes:

min(Ws)

such that Ayap— AJS9"< 0 (5)

Acon—Alen "< 0
whereAffSSignand desianare the result of thATmin-method design problem (Equa-
tion 4).

The results for the two problems are summarized in the two left columns of Table
2 and we note that re-optimization reduces the operating ¥gsbfy 3.2%. Figure
3 shows the corresponding temperature profiles in the condenser.

e Inthe design case (with fixellTyin) there is no sub-cooling in the condenser.
In the re-optimized operation however, there is a sub-coolingBf@ The
optimality of sub-cooling in simple refrigeration cycles is discussed in detail
in (6).
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Figure 3: Temperature profile in the condenser forAfgi,-method

e The high pressurh, is increased by @ % in the re-optimized case, but this
is more than compensated for by & 3% reduction in flowrate.

In summary, we find that thAT,;,-method is not suitable for the optimal design
of vapour compression cycles.

3 Proposed simplified TAC method

The cost function for Problert is complicated as it requires quite detailed cost
data. Therefore, the idea is to replace equipment cost in Prdbléth a simplified
expression. First, we assume that the structure of the design is giviehsuieve
need not consider the fixed cost terms (i.e. weGglyi = 0). Second, we only
consider heat exchanger costs. For a vapour compression cyclgtisisfied if we
assume the exponent= 1 for the compressor. Then we haBgm- Som = kK- Ws
and we can include the capital cost for the compressor in the operating basl,

we assume that all heat exchangers have the same cost fa&ipes i€ i= Co and

n, = n).

The resulting “simplified TAC” optimal design problem becomes:

min (Joperation+ Co- Z AP) (6)

whereJgperation= Ws for a refrigeration cycle.



Table 2: Ammonia case study

Simplified TAC (Eq7)

Design @) Operation §) Co =818 Co=8250
ATnin=10°C  Re-optimized
ATyPeC] 10.0 10.0 9.13 26.7
ATEON[°C] 10.0 1.53 1.84 10.0
Acon[m?] 4.50 4.50 4.12 1.47
Avap[m?] 4.00 4.00 4.38 1.50
Aot [M?] 8.50 8.50 8.50 2.97
HX cost[-] 1.00 1.00 1.00 0.51
R [baf 1.74 1.74 1.81 0.77
P [bar 13.5 13.6 14.0 28.4
ATsup[°C] 0.0 8.9 9.6 28.5
m[mols?] 1.07 1.03 1.03 1.10
Ws[W] 6019 5824 5803 12479
COP[-] 3.32 3.43 3.45 1.60

*Cp adjusted to get same total heat exchanger area @sTthg-method
TCy adjusted to get samETyyy as used in thATyin-method

In the examples, we choose= 0.65 for the heat exchangers and @&geas the
single adjustable parameter (to replddg,in). There are several benefits compared

with the ATnin-method:

e The optimal design (Equatidd) and the optimal operation (Proble3hhave
the same solution in terms of optimal stream data. This follows since the

termCop 3 A is constant in operation.

e The assumption of using the sar@g for all heat exchangers is generally
much better than assuming the safig;i,.

3.1 Ammonia case study

The optimization problem becontes

The right two columns of Tabl2 shows the optimal design with= 0.65 and two
different values ofCy. Cy = 818 gives the same total heat exchanger area, and

*In a more realistic design, one may also consider additional constraicitsasumaximum

min(WS+CO' (A20n+Avnap))

compressor suction volumes and pressure ratio, but this is not dischisee.



almost the same capital cost as ttig,i,-method, but the area is better distributed
between the evaporator and condenser. This results i6GE3 reduction N\
compared with thé\Tin-method (036 % after re-optimizing thé&Tqin-method).
Using Cy = 8250 givesATmin = 10.0°C. The compressor work is increased with
107 % (114 %), but the heat exchanger area is reduced by 60 %,iafslttie only
design that truly satisfies th€l i, we selected initially.

The simplified TAC method confirms that sub-cooling is optimal, and we see that
the degree of sub-cooling increases with decreasing heat transée(iacreased

Co)-

Note that the heat transfer coefficients are assumed to be equal, bumilie s
fied TAC method will automatically distribute the heat transfer area optimally,
also if the heat exchangers have different heat transfer coeficigfor exam-

ple, with Uevaporator= 2Ucondensethe energy savings (for the same heat exchangers
cost) are even larger (6%) using the simplified TAC method compared with the
ATmin-method.

4 Other case studies

We here briefly present results from two other case studies.

4.1 CO, air-conditioner

CO;, as a working fluid in air-conditioners and heat-pumps is gaining increased
popularity because of its low environmental impactt&). We consider a trans-
critical CO, air-conditioning unit with the following data:

¢ Heat transfer coefficientd = 500Wm?K! for the evaporator, condenser
and internal heat exchanger

e Ambient temperaturely = 30°C
e Set point for room temperaturé; = 20°C
e Heat loss into the roomQ)pss = 4.0 kW

The details about the model are found in Jensen and SkogeBtadh(the op-
timization we have included an internal heat exchanger that transfergrbea
before the compressor to before the valve. Otherwise the flowsheefas the
ammonia cycle shown in Figu



Table 3:CO, air-conditioner
ATmin-method Simplified TAC
Design Operation Co=253 Cp=185 Co=877
ATpmin=5°C Re-optimized

ATg"”[DC] 5.00 3.56 2.41 2.07 5.00
Toin [OC] 5.00 5.00 5.78 5.01 11.5
T,m °C] 5.00 4.75 - - -
Ageo[M?] 1.31 1.31 1.76 2.02 0.92
Ayap[m?] 1.60 1.60 1.38 1.60 0.70
Ainx [M?] 0.23 0.23 0 0 0
Acor [M?] 3.14 3.14 3.14 3.62 1.61
HX cost]-] 1.00 1.00 0.91 1.00 0.59
P [bad 87.8 91.6 92.8 91.0 107.0
R [bai 50.8 50.8 49.9 50.8 43.3
m[mols?] 0.65 0.59 0.69 0.70 0.67
W [W] 892 859 871 814 1328
COP[-] 4.49 4.65 4.59 4.92 3.01

*Cp adjusted to get same total areadg,j,-method
Cy adjusted to get same heat exchanger cost a&Tag-method
tcy adjusted to get samET i, as used in thAT,i,-method

For solving Problen?, we use a desighTyin, = 5.0°C in all heat exchangers.
Again we find that re-optimizing for operation (Probl&)gives a better operating
point with 370% less compressor power. The results given in Talalee similar
to the ammonia cooling cycle, although there is no sub-cooling $incek..

Interestingly with the simplified TAC methan, = 0.0n?, which means that it
is not optimal from an economical point of view to pay for the area for the-inte
nal heat exchanger (although the internal heat exchanger woutthc$e be used
if it were available free of charge). This is a bit surprising since we maien-
cluded the fixed cost of installing a heat exchanger, which would makerit legs
desirable to invest in an internal heat exchanger. On the other handotifoh
super-heating before the compressor is required then it might be betiehieva
this super-heating in an internal heat exchanger, but this is not desthsse.

With Co = 253 we get the same total heat transfer area as fakThg-method, but
the shaft work is reduced by26 % (058 % compared to re-optimized}y = 185
gives the same cost of heat exchanger area (without even congitlegisavings
of completely removing a heat exchanger) &vds reduced by 122 % (885 %).
With Cy = 877 we get the only design withTy,i, = 5.0°C. The heat exchanger
cost is reduced by 41% and the compressor power is increased by %) (



Table 4: PRICO LNG process
ATnin-method Simplified TAC
Design Operation Co= GCo= GC=
ATpin=2°C  Re-optimized 2135 2090 7350

ATminnor [°C] 2.00 0.89 0.90 0.86 2.00
ATminng[°C] 2.00 0.98 1.09 108 222
Apor-1073[m?] 98.2 98.2 101.2 1027 43.1
Ang-1073[m?] 29.9 29.9 269 272 145
Arot-10-3[m?] 128.1 128.1 1281 129.9 57.7
HX cost[-] 1.00 1.00 0.99 1.00 0.60
P [bai] 20.1 27.1 270 268 378
R [bai 2.7 2.9 2.9 29 191
m[kmols?] 3.0 2.5 2.5 2.5 2.3
Ws[MW] 18.94 18.14 18.17 18.12 22.16

*Cop adjusted to get same total areads,j,-method
TCy adjusted to get same heat exchanger cost a&Eag-method
*Cpadjusted to get samETy,i, as used in thATy,,-method

compared with thé&Ty,i,-method.

4.2 PRICO LNG process

The PRICO LNG proces®] is the simplest configuration utilizing mixed refrig-
erants. Note that we are not considering constraints on compressionstgume
and pressure ratio for the compressor. This will be important in an actsaim
but we have tried to keep the case study simple to illustrate the effect ofpgcif
ATmin-

A designATmin of 2.0°C is used for théT,in, method. From Tabléd we see that re-
optimizing reduces the energy usa@é) by 4.8%. This is achieved by increasing
the pressure ratio (by 25%) and reducing the refrigerant flowrate (by.71%o).

The composition of the refrigerant is also slightly changed, but this is rmtish

in Table4. We were quite surprised by the rather large improvement obtained by
re-optimizing with fixed heat transfer areas considering the relatively &uevfor

the initial ATmin.

With the simplified TAC method we get al% reduction (2% increase com-
pared to re-optimized) i\ for the same total heat transfer ar€ £ 2135). The
small increase iW; compared with the re-optimizefiT, design is because the
simplified TAC method minimizes the heat exchanger cost and not the total area.
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With the same cost} = 2090), the TAC-method gives a reduction in compressor
power of 43% (0.1%). The saving compared with the re-optimized case is small
because of the smaliT,i, resulting in very large heat exchangers. A more rea-
sonable design is achieved with = 7350, which gives a design with a trd@min

of 2.0°C. The heat exchanger capital cost is reduced by 40% but the caopres

power is increased by 10% (222 %).

5 Discussion

There are some main points that are important to note from this analysis of the

1.

ATqin is treated as an important parameter in heat exchangers, but the theo-
retical basis seems weak “ViolatingTir, in operation gives lower operat-
ing cost.

. TheATmin-method will not give the optimal operating point, so sub-optimal

setpoints might be implemented.

. The size distribution between the heat exchanger will not be optimal,ibut th

may be corrected for by adjusting the valué\dt, for each heat exchanger.

. More seriously, the results might lead to wrong structural decisionghisd

can not be changed by iterating on #&;,-values. In the ammonia case
study one would incorrectly conclude that sub-cooling is not optimal and
thus implement a liquid receiver after the condenser. This would during
operation achieve no sub-cooling. From the true optimum however, we see
that some sub-cooling is optimal.

. One potential advantage with thd,j,-method is that it only requires an

overall energy balance for the heat exchangers. However, foe cam-
plex cases a more detailed model of the heat exchangers is needed so in the
general cases this advantage is lost.

In summary, théd\Tin-method is not satisfactory for realistic design problems. The
guestion is whether there are other ways of specifying temperatureedifies.
In terms of area, it would be better to specify the mean temperature difeerenc

AT =

%fAT dA sinceAT is directly linked to the heat transfer area by (assuming

constant heat transfer coefficient):

Q=UAAT (8)
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This method has several drawbacks that makes it unattractive to ugeit Riight

be cumbersome to calculate the integral of the temperature and second, i@nd mo
importantly there are no general rules in selecting values\far We therefore
propose to use the simplified TAC-method.

6 Conclusion

We have shown that the method of specifyii@y, for design of heat exchang-
ers, minJ subject toAT > ATnyin, may fail for cases where the stream data are
not fixed. In the ammonia refrigeration case studyAfigi,-method fails to find
that sub-cooling in the condenser is optimal. As a simple alternative we mropos
the simplified total annualized cost (TAC) method, rfiir-Cp 5 Al"), whereCo
replaceddTnmin as the adjustable parameter.

Another important conclusion is related to the temperature difference pnofile
the heat exchanger. According to exergy or entropy minimization rulesuafitth
(e.g.10) it is optimal to have even driving forces, which suggests fatshould

be constant in heat exchangers. The results presented here hosuggest that
this is not true. Thé\Tin approach (Probler) favors a constamkT profile, but

in optimal operation (Probler) we find that the temperature difference is less
constant.
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