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A fairly extensive review of research on optimal distribution of driving forces in heat-transfer processes is provided.
Four different guidelines for specifying the temperature profiles in heat exchangers have been compared. Not surpris-
ingly, the irreversibilities due to heat transfer in a heat exchanger of given size were found to be minimized when the
temperature difference is proportional to the absolute temperature. Comparing a design with an optimal temperature
profile and a design with a uniform temperature difference throughout the heat exchanger, sensitivity analyses illus-
trated that savings in irreversibilities increase with decreasing temperature level and increasing temperature span for
the cooling load. Heat exchanger size was found to be of negligible importance. The results indicated that optimal utili-
zation of heat exchanger area is of little importance for processes operating above ambient temperature, while signifi-
cant savings can be obtained by optimal distribution of temperature driving forces in processes below ambient

temperature. © 2015 American Institute of Chemical Engineers AIChE J, 61: 2447-2455, 2015
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Introduction

Besides environmental and social aspects, process plants
are designed and operated with the purpose of seeking return
on investments." Hence, economic criteria are required to
evaluate different design options and carry out optimization.”
In an early phase of process design, it is normally not possi-
ble to account for all fixed and variable costs.” When com-
paring the relative merits of different structural options in a
flow sheet and parameter settings, the economic criteria can
be simplified by neglecting common items.”

The thermodynamic performance of a heat exchanger and
thereby the energy cost related to operation can be improved by
reducing its temperature driving forces. This does, however,
require increasing the heat exchanger size and thereby the
investment cost. In heat exchanger network synthesis and
design, this conflict is often accommodated by assigning a mini-
mum temperature difference in the heat exchangers.>> The min-
imum temperature difference is then used as an economic
trade-off parameter, balancing the operating cost related to
energy use and the investment cost of heat exchangers.

This approach has been adopted in many studies for design
of cryogenic refrigeration processes such as liquefaction of
natural gas.* However, as pointed out by Jensen and Skoges-
tad,4 the use of a minimum temperature difference constraint
in optimization of natural gas liquefaction processes leads to
nonoptimal utilization of the heat exchanger area. This indi-
cates that a design strategy aiming at uniform temperature dif-
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ference throughout the heat-transfer process gives nonoptimal
distribution of temperature driving forces. This is related to
the behavior of exergy of heat, which increases steeply with
decreasing temperature below ambient.

Different design guidelines for optimal distribution of tem-
perature driving forces in heat transfer have been proposed
in the literature. The objective has been to minimize irrever-
sibilities in a heat exchanger of given size. Previous studies
comparing different design guidelines have concluded that
the differences in irreversibilities are small. Nevertheless,
these studies have focused on heat transfer at relatively high-
temperature levels. At low-temperature levels, however, dif-
ference in performance of the various design guidelines are
expected to be more pronounced.

The scope of this study is to investigate how the temperature
driving forces in a heat exchanger of given size should be dis-
tributed to minimize the irreversibilities associated with its
operation. This has been done by comparing different design
guidelines proposed in the literature based on different assump-
tions. As optimal utilization of heat exchanger area is of special
importance in cryogenic processes where refrigeration is expen-
sive, the focus is on low-temperature applications.

First, a brief introduction to exergy of heat is given. This
is followed by a discussion on optimal distribution of tem-
perature driving forces in heat exchangers. Based on this,
different design strategies are compared for design of a sim-
ple heat exchanger. A case study is presented to investigate
the influence of the operating conditions of the heat-transfer
process, such as the temperature level, the temperature range
of the cooling load, and the size of the heat exchanger.
Finally, implications with respect to cryogenic processes are
briefly discussed.
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Background
Exergy of heat

Exergy is a measure of energy quality indicating the maxi-
mum work that can be extracted from a system when
brought to equilibrium with its surroundings (or alternatively,
the minimum work that must be supplied to bring a system
in equilibrium with the surroundings to a given state). A pro-
cess in which the exergy is conserved is denoted a reversible
process. In this case, both the system and its environment
can be restored to their initial states without any residual
effects in either of them.’ Irreversibilities are, however, pres-
ent in all real processes.

The thermodynamic performance of a process can be
measured through its exergy efficiency. The rational effi-
Ciency5 of a system is defined as the ratio of exergy output

to exergy input
- > ABow D AEou
> AEw > AEguti

where [ is the sum of process irreversibilities. For all real
processes, the rational efficiency is less than unity, and maxi-
mizing the exergy efficiency is equivalent to minimizing the
irreversibilities. A review of different exergy efficiency for-
mulations and their applications has been presented by
Marmolejo-Correa and Gundersen.®

A prerequisite for reversible processes is infinitesimal
driving forces. For a heat-transfer process, this is equivalent
to an infinitesimal temperature difference between the heat
source and a heat sink. As this would give an infinite heat
transfer area, a finite temperature difference is required in
practical applications. This temperature driving force is a
source to entropy production (irreversibilities).

For a given overall heat-transfer coefficient U, the heat
exchanger area required to transfer a heat flow Q across a
temperature difference AT is given as

A= 2
U-AT

ey

(@)

The exergy of a heat flow Q,- available at an absolute tem-
perature 7; is given as

E(0,)=0:- (1—?) 3)
i

where T, is the ambient temperature.” According to the com-
mon sign convention used e.g. in mechanical engineering, a
heat flow is positive when heat is transferred to a system.
Hence, heat transfer to a system would leads to increased
exergy above ambient temperature but reduced exergy below
ambient temperature.5 From Eq. 3, the irreversibilities asso-
ciated with heat transfer between two constant temperature
systems can be expressed as

. 1 1 . AT
R O ) R ey =y

where Ty is the temperature of the source and T¢ is the tem-
perature of the sink.

In Figure 1, the exergy of heat per unit of heat is plotted
as a function of the absolute temperature relative to the
ambient temperature. At ambient temperature, a system
would be in equilibrium with its surroundings, hence, heat
contains no exergy. As the temperature increases above
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Figure 1. Ratio of the exergy of heat to heat flow as a
function of temperature relative to the
ambient.

ambient, the exergy of heat increases monotonically, asymp-
totically approaching unity. For temperatures below ambient,
the exergy of heat grows asymptotically toward infinity
when the temperature approaches zero. At a temperature
equal to half the ambient temperature, the exergy content is
equal to the amount of heat. This trend in the exergy of heat
indicates that to minimize irreversibilities associated with
heat transfer, more attention should be paid to keeping the
driving forces small at low-temperature levels. This is also
obvious from Eq. (4).

Optimal heat exchanger design

Many studies have been performed on the subject of opti-
mal design and operation of heat exchangers. In this work,
the primary focus is on the influence of the driving forces in
heat transfer. Over the years, a variety of theories have been
proposed for optimal utilization of heat exchanger area, to
minimize the entropy production or irreversibilities associ-
ated with heat transfer.

Optimal Distribution of Driving Forces. The theory of
equipartition of entropy production was introduced by Ton-
deur and Kvaalen’ as a framework for optimal configuration
of heat- and mass-transfer processes. They found that the
total entropy production within a unit operation or process
was minimized when the entropy production rate was uni-
formly distributed in space and time. For the case of con-
stant phenomenological transport coefficients (in the validity
range of linear equilibrium thermodynamics and Onsager’s
relations), this was found to be equivalent to equipartition of
driving forces.”®

Later, Sauar et al.” proposed the principle of equipartition
of forces, as an alternative approach to design optimization.
From irreversible thermodynamics, they found exergy loss in
coupled transport of heat, mass, or charge to be minimized
when the driving forces in the process were uniformly dis-
tributed. This was derived for heat-transfer processes with

the driving force expressed as A(1/T) = Tlc—ﬁ . The heat
flux is then given as '

>

q=—=L-A(1)T) ®)
where L is a phenomenological heat-transfer coefficient that
depends on the intensive thermodynamic variables of the
system but not the driving force.” Furthermore, the local
entropy production rate per unit of area can then be
expressed as
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The principle of equipartition of forces was derived under
the assumption that the transport process is described by
independent forces and that the system is linked by the
Gibbs—Duhem equation.’ According to Kjelstrup et al.,'” the
principle of equipartition of forces is a general principle that
also holds for cases where the transfer coefficients are not
constant. Sauar et al.? stated that when L and Q are not con-
stant in space and time, a uniform local entropy production
rate will not give the minimum total entropy production.
Other studies have, however, reached a different conclusion.

According to Xu,' the phenomenological heat-transfer
coefficient can be approximated by L =~ U-T?, where U is
the heat-transfer coefficient in the conventional heat-transfer
equation. Based on simplified economic considerations, Xu'
derived that the temperature driving force at any point 7 in a
heat exchanger should be given as

A= [t )

to minimize the sum of capital and operating costs of the
heat exchanger. In Eq. 7, a is assumed to be the unit cost of
heat-transfer area and e the unit cost of thermal exergy. In
this derivation, exergy losses due to pressure drop were
omitted. In conventional form, the driving force was

approximated as
a
ATy =T | —— 8
R e s ®)

where T; is the temperature at which the heat is transferred.
For a given heat exchanger area A, Xu' found that the
optimal heat-transfer driving force could be expressed as

1 ¢

A(1)T).=—- 9
(/N= 375 ©
or alternatively as
T, ¢
AT~ =L —— 10
v (10)
Here

7 d 7 d

q J q
c=|—=~ (11)

l\/Li TvU,;

0

Under the assumption that T > AT, Chang et al.!! reached
the same conclusion as Xu' (Egs. 10 and 11) when minimiz-
ing the entropy generation in a heat exchanger with a given
area.

Bejan also arrived at the conclusion that the tempera-
ture difference between the hot and cold streams in a heat
exchanger should be proportional to the absolute tempera-
ture, and also noted that this is a well-known design princi-
ple in cryogenic engineering.'"* From variational calculus,
Balkan' deduced equivalence between the theory of equi-
partition of entropy generation and heat exchanger tempera-
ture profiles where the ratio Ty/Tc is constant. This is
equivalent to the statements of Xu' and Chang et al.'' that
the temperature difference should be proportional to the
absolute temperature.

12-14
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As can be observed from Eqgs. 7 and 9, the findings of
Xu' and Chang et al.'' imply that the optimal driving force
A(1/T) is inversely proportional to the square root of the
phenomenological heat-transfer coefficient. This indicates
that the driving force A(1/T) would be constant only if L is
constant. Xu' found the principle of equipartition of forces’
to be equivalent to a temperature difference AT proportional
to the square of the temperature and independent of heat-
transfer coefficient, which can be deduced assuming 7 >
AT. Haug-Warberg'® also raised questions about the princi-
ple of equipartition of forces and found that it did not pro-
vide a solution of minimum total entropy production in the
case of heat transfer with a nonconstant phenomenological
heat-transfer coefficient. This was illustrated by an example
where the heat transfer was defined in different ways for two
sections of a heat exchanger.

In response, Sauar et al.'” pointed out that the principle of
equipartition of forces is based on local linear relations between
fluxes and forces in the system. Kjelstrup et al.'® stated that in
order for the theory to hold, the phenomenological heat-transfer
coefficient can be an arbitrary function of the temperature and
spatial parameters of the heat exchanger, yet it must be inde-
pendent of the heat flux or the driving force. Furthermore,
Kjelstrup et al.'"® found the example presented by Haug-War-
berg'® not to fulfil this requirement. Hence, for this case, the
principle does not apply.18 The deviations from optimality were
for this case, however, found to be so small that the principle
of equipartition of forces could be a useful rule of thumb also
in cases where it does not apply in a strict sense.'®

With the purpose of verifying that the principle of equi-
partition of forces does not depend on a constant phenome-
nological transfer coefficient, Nummedal and Kjelstrup19
presented examples where the overall heat-transfer coeffi-
cient U was assumed constant. However, no comparison was
made with other principles for optimal distribution of driving
forces. In a later study, Johannessen et al.?° found that uni-
form distribution of entropy production led to smaller total
entropy production than uniform distribution of driving
forces A(1/T). The results did, however, indicate that the
principle of equipartition of forces would be likely to esti-
mate the real solution within an error less than one percent
in practical applications.?

Performance Assessment. Balkan'> compared the perform-
ance of different strategies for distribution of driving forces for
design of a heat exchanger with given heat duty and area,
assuming a constant overall heat-transfer coefficient U. The
principle of equipartition of entropy production was found to
give slightly smaller total entropy production than the principle
of equipartition of forces, and only a small increase in entropy
production was observed for a design with a constant tempera-
ture difference AT.'> The results presented by Balkan'’ may,
however, be influenced by the fact that the heat transfer took
place at relatively high temperature, distributed over a rela-
tively narrow temperature range.

Balkan' found that iterations were required to find the
proper operating conditions using the principle of equiparti-
tion of forces or the principle of equipartition of entropy pro-
duction. Hence, as only small performance deterioration was
observed, Balkan'’ suggested applying a uniform tempera-
ture difference (which requires no iterations) as a short-cut
design method.

According to Balkan,?' altering the temperature profiles in
a heat exchanger leads to changes in the heat-transfer

DOI 10.1002/aic 2449



coefficient of the heat exchanger, which may drastically
change entropy production. If the difference in inlet and out-
let temperature for a stream in the heat exchanger is reduced,
a higher flow rate is required to provide the same heat trans-
fer. With a higher flow rate, the heat-transfer coefficient is
improved, especially if fluid resistance dominates the heat-
transfer rate.”’ Hence, the temperature driving forces and
thereby the entropy production can be reduced. The opposite
holds if the temperature range is increased.”! When altering
the design of a two-stream heat exchanger to obtain equipar-
tition of entropy production, assuming that both streams can
be changed, Balkan®' proposed to make the changes for the
stream that will experience an increase in the flow rate.

To assess the thermodynamic performance of a heat
exchanger, an equipartition factor was defined by Thiel
et al.?® as the ratio of entropy production in a system where
the theory of equipartition of entropy is fulfilled to the
entropy production in the actual system. Thiel et al.** found
the potential for exergy efficiency improvement by moving
to a system with equipartition of entropy production to be
largest in cases where both the equipartition factor and the
rational efficiency are low. If a system already has small
irreversibilities, the effect of redistributing the temperature
driving forces is, of course, small.??

In the following, different strategies for distribution of
heat-transfer driving forces are compared for design of a
simple heat exchanger under different operating conditions,
to identify the influence of these design guidelines on the
final design. Based on the characteristics of exergy of heat
(Figure 1), focus is put on the effect of temperature level.

Simple Counter-Current Heat Exchanger

To examine the influence of the distribution of tempera-
ture driving forces on heat-transfer performance, a case study
was performed for a simple counter-current heat exchanger
model as illustrated in Figure 2. For a given hot stream with
a constant heat capacity flow rate (11-c,)y, supply tempera-
ture Thien and target temperature 7)oy, the cold stream tem-
perature profile was manipulated such that the heat
exchanger conductance value (UA) was kept constant. The
heat exchanger irreversibilities were then compared for dif-
ferent cold composite curve designs. As the objective was to
study the influence of temperature driving forces on heat-
transfer irreversibilities, this case study was performed under
the assumption of a constant overall heat-transfer coefficient
U.

Based on the findings in the preceding sections, four dif-
ferent design guidelines were compared for the cold compos-
ite curve:

1. A uniform temperature difference throughout the heat
exchanger: AT = Cuniform = AT min-

2. A temperature difference proportional to the tempera-
ture of the hot stream: AT = Ciipear Th-

3. A constant value for the difference in the inverse of the
temperature: A(1/T) = Ciyverse-

4. A temperature difference proportional to the square of
the temperature of the hot stream: AT = quum-Tfl.

For the design solutions where the temperature difference
is defined as a function of the hot stream temperature, the
cold stream temperature could also have been used. For
design specification 2, the linear behavior is conserved (with
a slight change in the value of the constant). For design
specification 4, however, the quadratic form will have a
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Figure 2. Simple heat exchanger model.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

small deviation. One may notice that design specifications 3
and 4 cannot be obtained for a constant value of the heat
capacity flow rate for the cold stream (771-c,,)c.

Heat exchanger conductance and irreversibilities
The heat exchanger conductance is given as

Thigh

low low

12)

where AT(Ty) means that AT is a function of Ty. The irre-
versibilities associated with the same heat transfer can be
found by integrating the difference in exergy of heat
between the heat source (hot stream) and the heat sink (cold
stream) through the heat exchanger. This can be expressed
as

0
. /1 1N\ L. .
I:To . J (Tic - ﬁ)éQ:(m . CI;)H . T()
0
Thigh
! - ! dT (13)
Tu—AT(Ty) Tu)
Tow

where T is the ambient temperature.

Uniform Temperature Difference. For a heat exchanger
with a uniform temperature difference AT = Ciform between
the composite curves, the driving forces required to obtain
the required heat-transfer conductance UA is given as

(7 ¢p) 3y - (Thigh —Tiow)
UA

AT =Cniform= (14)

From Eq. 13, the resulting irreversibilities are given as

Iuniform = (m : Cp)H . TO
Thigh

1 1
. -  — — \dTu=(m -c T
J (TH _Cunif(n'm TH) " (m Cp) H 0

Tow

T i —C niform ) * T w
In (( high unifo ) lo ) (15)
(Tlow_cuniform) . Thigh

Using Eq. 14, the irreversibilities can be expressed as a
function of UA
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Iuniform_ (m . Cp)H : TO
Thigh= (11 - ¢p) ;; * (Thigh—Tiow ) /UA) - Tiow (16)
Tlow_ (m . C[))H : (Thigh_Tlow)/UA> : Thigh

-In g

Temperature Difference Proportional to Temperature.
For the case where the temperature difference is given as a
linear function of the absolute temperature, the temperature
difference in the hot and cold endpoints of the heat
exchanger are given as  AT.oq = CiinearTiow  and
AThot = Ciinear Thign, respectively. The heat exchanger con-
ductance can be formulated as

(772 - cp) gy * (Thigh = Tiow)
AT v

UA= a7

with the logarithmic temperature difference ATy given as

Clinear . (Thigh _Tlow>
AT = 18
M In (Thign/Tiow) (1%)

The value of the constant Cjine,r can then be expressed as
a function of the heat exchanger conductance

(7 ¢p) g - 1 (Thign/ Tiow)
UA

19)

Clinear =

With the use of Eq. 13, the irreversibilities associated with
the heat transfer can be expressed as

ilinear: (m . Cp)H : TO

Thigh
1 1
—  — —\dTy=(m-c,). T
(1 _Clinear)TH TH) t (m CI )H 0
low
i T
. Cl near X1In ( hgh> (20)
1 _Clinear Tlow

which by utilizing Eq. 19 can be written as

(/1))
UA/ (i1 ¢) y=In (Thign/Tiow)

ilinear: (m : CI’)H : T() (21)

Constant Difference in Inverse Temperature. When the
difference in the inverse of the temperature is constant A(1/
T) = Cinverse> the heat exchanger temperature difference can
be expressed as

AT= Cinverse : TI%I

= (22)
I+ Cinverse : TH

Using Eq. (22), the heat exchanger conductance can be
expressed as

Thigh
. 1+Cinverse - Tn (1 - cp)
UA= (11 - ¢,) ;- J ( >dT = -
( P>H ’ Cinverse * TI%I i Cinverse
low
1 1 Thi h))
, — —— +Clinyerse - In | £ 23
(Tlow Thigh inverse <Tlow ( )
Eq. (23) can further be solved for Cinyerse:

Thigh —Tiow

24
Tiow * Thign - (UA/ (11 - ¢) ;= In (Thign/Thow ) ) @9

Cinverse =
The irreversibilities can be calculated from Eq. 13 as
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Thigh
iinverse: (m : Cp)H To - J CinversedTH: (m . Cp)H To - Cinverse
Tiow
. (Thigh _Tlow)
(25)
which combined with Eq. 24 gives the following result
jinverse: (m : Cp>H . TO
2
(Thigh—Tiow) 26)

Tiow - Thigh - (UA/ (1 - ¢) =10 (Thigh /Thow) )

Temperature Difference Proportional to the Square of the
Temperature. For a design with a temperature difference
proportional to the square of the temperature of the hot
stream, the heat exchanger conductance can be expressed as

Thigh ( . )
1 m-cp
UA=(ri1-c,)y, - J (—)dT =-_—/H
( p)H I quua.re . TI%[ t quuare
low
1 1
. - 27)
(Tlow Thigh)
Hence, the constant Cygyare is given as
(m C ) 1 1

Ciguare = RS0 SO 28
square UA (Tlow Thigh) ( )

Again, the irreversibilities associated with the heat transfer
can be calculated from Eq. 13

Isquare: (m : Cp)H -To
Thigh

1 1
. - — —\dTu=(m-c T,
TJ (TH_quuare : T]%] TH) t (m CP)H 0
low

l_Cs ar - T w
1n< square lo ) (29)

1_quuare : Thigh
With the expression from Eq. 28, this can be rewritten as
a function of the heat exchanger conductance
isquare: (m : CP)H -To
In (Thigh_ (m : Cp)H : (Thigh_Tlow)/UA) : T]ow 30)
(Tiow= (11 - ¢p) 4y * (Thigh=Thow ) /UA) - Thign

One may observe that the results in Eqgs. 16 and 30 are
exactly the same. Hence, quite surprisingly, a design with a
uniform temperature difference and a design with a tempera-
ture difference proportional to the square of the absolute
temperature would result in the same total irreversibilities
for a given UA value.

Comparison

The difference between the four design guidelines have
been illustrated for an example where T),, =100 K and
Thigh = 200 K. Here, the heat-transfer conductance UA = 50
kW/K and the hot stream heat capacity flow rate (r1-c,)y = 1
kW/K are given such that the uniform temperature difference
required to transfer the heat is equal to 2 K (see Eq. 14). For
these calculations, the ambient temperature 7, was assumed
to be 298.15 K.

As can be observed in Table 1, the smallest irreversibil-
ities are obtained for the solution where the temperature dif-
ference is given as a linear function of the absolute
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Table 1. Heat-Transfer Irreversibilities for Different Heat
Exchanger Designs

Design Strategy Irreversibilities (kW)

1. Uniform temperature difference 3.027
2. Linear function of temperature 2.905
3. Uniform difference in inverse temperature 3.023
4. Quadratic function of temperature 3.027

temperature (design specification 2). As previously dis-
cussed, the irreversibilities obtained for a design with a uni-
form temperature difference and a design where the
temperature difference is proportional to the square of the
absolute temperature are equal. The irreversibilities in these
cases are the largest in the set of four design guidelines. The
design where the difference in the inverse of the temperature
is constant throughout the heat exchanger provides slightly
smaller irreversibilities.

Actually, it was found that a solution with temperature
difference AT = C,-T' " gives the same total irreversibilities
attributed to heat transfer as a solution with temperature dif-
ference AT =C,-T'"”, where b is any constant. Best per-
formance was then found for b =0, with monotonically
increasing irreversibilities for increasing values of b.

The temperature difference throughout the heat exchanger
is given as a function of the hot stream temperature for the
four different design solutions in Figure 3. As the heat-
transfer conductance is inversely proportional to the tempera-
ture difference (see Eq. 12) and the UA value is fixed, a
larger average temperature difference must be applied in the
cases where the temperature difference is reduced in the cold
end of the heat exchanger. The designs with A(1/T) = Ciyverse
and AT = quum-T%, (design specifications 3 and 4) are
nearly identical. Again, this can be explained by the fact that
for AT <« Ty, A(1/T) =~ AT/TIZ{. This also explains why the
irreversibilities in these designs are comparable (3.027 kW
vs. 3.023 kW).

In Figure 4, the ratio of irreversibility rate to heat-transfer
conductance is plotted as a function of the hot stream tem-
perature for the four different design solutions. As can be
observed, AT = Cijpear T (Design 2) is equivalent to a uni-
form distribution of irreversibilities per unit of area. This
corresponds to the theory of equipartition of entropy produc-
tion, where the entropy production rate is uniform in time
and space.

The ratio of irreversibilities to heat flow is plotted in
Figure 5 for the four design guidelines. A design with
A(1/T) = Cipyerse (Design 3) is equivalent to a uniform distri-

4 1 -
r--.3 1 /”,’
§2 e —Design 1
"<‘] /’,/ —Design 2
1r Design 3
0 . . . .|~ - Design 4
100 150 200
Ty (K)

Figure 3. Temperature difference in the heat exchanger
as a function of the hot stream temperature.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 4. Ratio of irreversibility rate to heat-transfer
conductance in the heat exchanger as a
function of the hot stream temperature.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

bution of irreversibilities per unit of heat flow. This is illus-
trated by a horizontal line in Figure 5 and can easily be
proven mathematically from Eq. 25. For large values of UA,
this is close to true also for the design with AT = quum-TIZ{,
as can be observed in Figure 5 where Design 4 has the same
horizontal behavior (constant j/Q) as Design 3. When the
heat-transfer coefficient is assumed constant, a uniform tem-
perature difference (Design 1) is equivalent to a uniform dis-
tribution of heat flow per unit of area, as can be observed
from Egs. 2 and 14.

Influence of operating conditions

For a given heat exchanger size, it was illustrated in the
previous sections that a heat exchanger design where the
temperature difference between the hot and cold composite
curves is given as a linear function of the absolute tempera-
ture leads to less exergy destruction than a design with a
uniform temperature difference throughout the heat
exchanger. To quantify the savings obtainable in such a
design, the influence of temperature level, temperature span,
and heat exchanger size has been studied.

The savings available when switching from a heat
exchanger design with a uniform temperature profile to a
design with an optimal temperature profile can be expressed
through the ratio of the irreversibilities observed in the for-
mer case to the irreversibilities observed in the latter case
(this is equivalent to the equipartition factor defined by Thiel
et al.>?). The ratio of irreversibilities in the two cases can be
expressed as a function of the low-temperature level of the
hot stream Tj.y, the temperature span of the hot stream

0.08 -
0.06
P —Design 1
= 0.04 —Design 2
0.02 Design 3
0.00 : . ; .|~ - Design 4
100 150 200
Ty (K)

Figure 5. Ratio of irreversibility rate to heat flow in the
heat exchanger as a function of the hot
stream temperature.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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a simple heat

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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The minimum temperature difference is used as a parame-
ter defining the heat exchanger size rather than the heat
exchanger conductance as this is a property that more easily
relates to practical experience. The heat exchanger conduct-
ance UA is still the same for both designs, yet expressed
indirectly through the equivalent uniform temperature differ-
ence calculated from Eq. 14. Here, the problem is defined
such that with variation in the temperature span for the hot
stream, the ratio of heat-transfer conductance to total heat
flow is constant, rather than the total heat-transfer conduct-
ance. The difference between the two formulations (uniform
vs. linear) is illustrated in a temperature-enthalpy diagram in
Figure 6.

In Figure 7, the ratio of irreversibilities obtained with
AT = Ciinear T to irreversibilities obtained with
AT = Citorm 18 plotted as a function of the hot stream target
temperature T, This is done for different values of temper-
ature span for the hot stream ATy,,, with a UA value equiv-
alent to AT,;,=2 K. For large values of the target
temperature, savings observed for the optimal temperature
profile are relatively small as the ratio of irreversibilities
approaches unity with increasing temperatures. For small
values of the target temperature, however, significant savings
are observed for a design where the temperature difference
is proportional to the absolute temperature. This can be
explained by the fact that the exergy of heat grows steeply
with decreasing temperature below ambient, as illustrated in
Figure 1, or more accurately because the slope of the deriva-
tive with respect to temperature increases with decreasing
temperature. Thus, in sub-ambient processes such as lique-
faction of natural gas, optimal distribution of driving forces
could provide significant energy savings.

As can be observed in Figure 8, the savings obtained for
the optimal temperature profile relative to a uniform temper-
ature difference increase with increasing temperature span
for the hot stream. With increasing temperature span, the rel-
ative difference in exergy of heat increases. Hence, the influ-
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Figure 7. Ratio between irreversibilities in a heat
exchanger for the optimal temperature pro-
file to irreversibilities with a uniform temper-
ature difference as a function of the hot
stream target temperature for different val-
ues of temperature span and with a UA
value corresponding to AT i, =2 K.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

ence of the distribution of driving forces increases. For the
same temperature span, the difference in exergy of heat
between the supply and target temperatures increases with
decreasing absolute temperature.

The influence of the minimum temperature difference (or
indirectly the heat-transfer conductance) is also illustrated
in Figure 8, where the ratio of irreversibilities obtained
with AT = CjipearTu to irreversibilities obtained with
AT = Cunitorm 18 plotted as a function of the temperature
span. This is done for different values of the minimum tem-
perature difference, with a hot stream target temperature
Tiow = 100 K. The results indicate that the size of the heat
exchanger is of little influence with respect to the potential
savings with an optimal temperature profile. Only for large
values of the temperature span and/or low target tempera-
tures, increased savings from using the optimal temperature
profile are observed for increasing value of the temperature
difference (smaller heat exchangers).

At relatively high-temperature levels, for cooling loads
distributed over a relatively narrow temperature span, the
energy penalty associated with a uniform temperature differ-
ence AT is quite small. Hence, for many heat exchanger net-
work design problems encountered in industry, optimal
distribution of temperature driving forces with respect to

_1.00
E0.95 —AT,.= 2K
_50.90 —AT,= 4K
5085 AT, = 6K
~0.80 4 ; , , [ATmn= 8K

0 100 200 300 |—AT,=10K
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Figure 8. Ratio between irreversibilities in a heat
exchanger for the optimal temperature pro-
file and a uniform temperature difference as
a function of the temperature span for dif-
ferent values of the minimum temperature
difference and hot stream target tempera-
ture Tow =100 K.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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exergy of heat is of little importance, confirming the success
of the pinch design method. This also explains why little dif-
ference in entropy production was observed between designs
with equipartition of entropy production, equipartition of
forces, and uniform temperature difference in the studies pre-
sented by Balkan.'?

In cryogenic applications where cooling is provided at
subambient temperature and typically over a wide tempera-
ture span, the results do indicate that a design with a uniform
temperature difference throughout the heat-transfer process
leads to considerable penalties in energy use. This suggests
that a minimum temperature difference is an inadequate eco-
nomic trade-off parameter for design of cryogenic processes.
This also explains why Jensen and Skogestad* found a mini-
mum temperature difference requirement to give nonoptimal
utilization of the heat exchanger area when designing a pro-
cess for liquefaction of natural gas.

Conclusions

In this work, four different design guidelines have been
compared for optimal distribution of temperature driving
forces in heat exchangers. This was done for a simple heat
exchanger model assuming constant heat-transfer coefficient.
The results confirmed that the irreversibilities in a heat
exchanger of given size are minimized when the temperature
difference is proportional to the temperature at which heat is
transferred, which is equivalent to a uniform distribution of
entropy production per unit of area. The common design
guideline based on a uniform temperature difference leads to
nonoptimal utilization of the heat exchanger area and thereby
increased irreversibilities.

Sensitivity analyses were conducted to compare the per-
formance of a design with uniform temperature difference
throughout the heat exchanger and a design with optimal dis-
tribution of temperature driving forces. The results indicate
that the savings in irreversibilities with optimal design
increase with decreasing temperature level and increasing tem-
perature span for the cooling load. This is related to the exergy
of heat as function of temperature, for which the steepness of
the derivative increases with decreasing temperature.

The performance of a heat exchanger with respect distri-
bution of driving forces can be evaluated by the ratio
between the irreversibilities in a heat exchanger with optimal
distribution and the irreversibilities in the actual heat
exchanger (given that the two heat exchangers have the
same size and the same hot composite curve, or alternatively
the same cold composite curve). As previously discussed,
the former is obtained when the temperature driving forces
are proportional to the temperature level. This measure is
equivalent to the equipartition factor proposed in literature.

The results obtained in this work indicate that a design
criterion based on a minimum temperature difference con-
straint will provide good performance in systems operating
above ambient temperature, which is encountered in many
heat exchanger network design problems. For processes
operating at low-temperature level and over wide tempera-
ture span, conversely, these results indicate that a design
with uniform temperature difference would lead to consider-
able penalty in energy use. This suggests that a minimum
temperature difference constraint would lead to nonoptimal
utilization of heat exchanger area in processes for natural
gas liquefaction, hydrogen liquefaction, olefin plants, and
other cryogenic applications, indicating that a minimum tem-
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perature difference is an inadequate economic trade-off
parameter for design of low-temperature processes.
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Notation
Greek letters

A = difference
€ = exergy flow rate, kW
Y = rational exergy efficiency, —

Roman letters

A = area, m?

a = heat exchanger unit cost, USD/m?

b = constant

C = constant

¢ = constant
¢, = specific heat capacity, kJ/kg K

e = exergy unit cost, USD/kW

I = irreversibility rate, kW

k = constant

L = phenomenological heat-transfer coefficient, kW K/m?
r = mass flow rate, kg/s

QO = heat flow rate, kW

q = heat flux, kKW/m?>

S = entropy flow rate, kW

T = temperature, K

U = overall heat-transfer coefficient, kW/m?K

UA = heat exchanger conductance, kW/K

Subscript
0 = ambient
C = cold
H = hot

high = supply
i = point 7 in heat exchanger
in= in
inverse = with a constant temperature driving force A(1/T)
linear = with a temperature difference proportional to the absolute

temperature
LM = logarithmic mean
low = target
out = out

prod = produced
span = difference between supply and target
square = with a temperature difference proportional to the square of
the absolute temperature
uniform = with a uniform temperature difference AT
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