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Heat exchanger network optimization has an important role in high-efficiency energy utilization and energy conservation. The
thermal resistance of a heat exchanger network is defined based on its entransy dissipation. In two-stream heat exchanger net-
works, only heat exchanges between hot and cold fluids are considered. Thermal resistance analysis indicates that the maximum
heat transfer rate between two fluids corresponds to the minimum entransy-dissipation-based thermal resistance; i.e. the minimum
thermal resistance principle can be exploited in optimizing heat exchanger networks.
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Heat exchanger networks (HENS) are widely used in energy
transport and utilization. Two-stream HENs are a type of
HENSs in which hot and cold fluids do not exchange thermal
energy directly through one heat exchanger due to environ-
mental constraints or practical demands. Two-stream HENs
usually consist of heat exchangers, distributors, mixers, and
medial fluids. Two-stream HENS, regarded as an element of
a large-scale HEN or an independent network, are widely
used in heating, ventilation, air conditioning, industrial heat
recovery and other fields, such as the solar heat network [1],
thermochemical heat storage system [2], ground source heat
pump system [3], and loop units in power plants [4]. The
optimization of HEN is of great significance in high-effi-
ciency energy utilization and energy conservation.

The initial study on HEN optimization was presented by
Hwa [5] in 1965. With more than 40 years of development,
two main methods, called the pinch design method and
mathematical programming method, have been developed
and are always used in HEN optimization. Hohmann [6]
believed that thermodynamics needed to be considered in
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HEN’s optimization. Linnhoff [7] invented the pinch design
method based on thermodynamic theory. Colbert [8] and
Trivedi et al. [9] improved on this approach and introduced
the dual temperature and pseudo-pinch method in HEN op-
timization. Analyzing by a mathematical programming
method, a HEN is described by an objective function and
constraint conditions. Cerda et al. [10] and Floudas et al.
[11] solved this HEN optimization problem using linear
programming (LP) and mixed-integer nonlinear program-
ming (MINLP) methods respectively.

In optimization designs of two-stream HENs, the heat
transfer rate is mainly of concern to designers. To maximize
the heat recovery or heat transfer rate, much research has
been performed. In the research of run-around heat recovery
system, Fan et al. [12] found that the system had the highest
efficiency when the heat capacity ratio of air and the medial
fluid was in the range 0.8—1.2. Zhou et al. [13] found that a
ground-coupled liquid loop heat recovery ventilation system
had an optimal allocation ratio between heat exchangers and
an optimal brine flow rate that provided maximum heat re-
covery efficiency. These authors found the optimum work-
ing condition for the networks but did not explain the phys-
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ical mechanism nor present a criterion for two-stream HEN
optimization.

In the optimization analyses of heat exchangers, Bejan
[14] used the minimum entropy generation principle and
introduced the entropy generation number as the optimiza-
tion criterion. However, a paradox appears while analyzing
the counter-flow heat exchangers.

Guo et al. [15] introduced a new physical quantity, en-
transy, which represents the heat transfer ability of an object
in heat transfer process. It is defined as

G=Q,T/2, (1)

where Qj, is the internal thermal energy stored in an object
with T is its absolute temperature. During irreversible heat
transfer, thermal energy is conserved, but entransy will be
partially dissipated. The entransy balance equation is ob-
tained by multiplying the heat conduction equation by 7:

pchaa—];:—V-(qT)+q-VT. 2)

The left-hand side of eq. (2) represents the entransy varia-
tion with time, the first term on the right-hand side is the
entransy flux, and the last term is the entransy dissipation
due to heat conduction. The last term can be written as the
entransy dissipation rate per unit volume:

g,=-q-VT =k(VT)". 3)

Zhu [16] defined the thermal resistance based on entran-

sy dissipation as
R, = i 4)

4 Qz ’

where Ry is the thermal resistance based on entransy dissi-
pation, G, is the entransy dissipation during the heat transfer
process, and Q is the heat transfer rate. With the concept of
entransy dissipation or thermal resistance based on entransy
dissipation, researchers have conducted many optimization
studies of heat conduction, heat convection and mass con-
vection [17-23]. Chen and co-authors [21-23] combined the
extremum entransy dissipation principle with the constructal
theory and optimized many heat transfer systems based on
entransy dissipation rate minimization. In researches of heat
exchangers and HENs, Song et al. [24] demonstrated the
uniformity principle of temperature difference field for
one-dimensional heat exchanger based on the extremum
entransy dissipation principle. Guo et al. [25,26] defined the
entransy dissipation number of heat exchangers, and intro-
duced the principle of entransy dissipation equi-partition for
heat exchanger design. Liu et al. [27,28] introduced the en-
transy-dissipation-based thermal resistance for a heat ex-
changer, and presented the minimum thermal resistance
principle for heat exchanger optimization. Chen et al. [29]
compared the applicability of the entropy generation mini-
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mization method with that of the entransy dissipation max-
imization method in two categories of heat exchangers
groups. With the extremum entransy dissipation principle,
Cheng et al. [30] optimized the parallel thermal network of
a thermal control system designed for spacecraft.

Entransy analysis for a heat exchanger shows that mini-
mum thermal resistances defined based on entransy dissipa-
tion always correspond to maximum heat transfer rates [31].
In this paper, the entransy-dissipation-based thermal re-
sistance of two-stream HEN is defined and the thermal re-
sistance analyses on two-stream HENs are performed to
find the relation of thermal resistance and heat transfer rate.

1 Thermal resistance of a two-stream HEN

1.1 Thermal resistance of a heat exchanger

Liu et al. [27,28] formulated the entransy dissipation of heat
exchanger and defined the thermal resistance based on en-
transy dissipation. The entransy dissipation of a heat ex-
changer is

1 2 Lo (1 2, 1 2
GMX:(EC,,T +=C.T, j—(EC,,T,w G| O

hi 5 eled
The entransy dissipation of the two fluids in heat exchanger
equals the difference between total entransy rates entering
into and leaving out the heat exchanger. Similar to eq. (4),
the entransy-dissipation-based thermal resistance R, of the
heat exchanger is defined as

G ex
R, = Q"”z , (6)

where the subscript ‘ex’ signifies that the associated quan-
tity refers to the heat exchanger, and Q is the heat transfer
rate between two fluids.

1.2 Thermal resistance of a two-stream HEN with me-
dial fluid

Figure 1 depicts a schematic diagram of a two-stream HEN
consisting of two counter-flow heat exchangers. The hot
and cold fluids do not exchange thermal energy directly. A
medial fluid bridges the two heat exchangers and exchanges
thermal energy with the hot and cold fluids.

The heat transfer rates of the two heat exchangers are the
same, if the heat loss from both exchangers and pipes are
ignored. The medial fluid does not loose or gain thermal
energy during heat transfer, that is, the net heat flow is zero.
The entransy-dissipation-based thermal resistance of the
two-stream HEN is then defined as

Gy + Gy
=

where the heat exchangers are labeled 1 and 2, the entransy
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Figure 1 Two-stream HEN with a medial fluid.

dissipations of each can be calculated by eq. (5), and Q is
the heat transfer rate between hot and cold fluids equaling
the heat transfer rate of heat exchanger 1 or 2.

1.3 Thermal resistance of a two-stream HEN with
mixers

Figure 2 shows a diagram of a two-stream HEN with mixers,
the network comprising two counterflow heat exchangers,
two mixers, and two distributors. Two distributors, one each
for the hot and cold fluids, divide and direct counter-moving
flows into the two heat exchangers to enable an exchange of
thermal energy, before finally, flowing through the two
mixers. Entransy dissipation occurs during heat transfer in
the two exchangers and in mixing in the two mixers.

The corresponding thermal resistance Ry for the two-
stream HEN with mixers can be defined as

Gy + Gy + Gy mix + G mix
- 2
(Ql +0) )

where G g, mix and Gy mix are the respective entransy dissipa-
tions in mixing of two hot fluids and two cold fluids, Q, and
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Figure 2 Two-stream HEN with mixers.
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0, are the heat transfer rates of the two heat exchangers.

1.4 Thermal resistance of a two-stream HEN

The above represents the basic elements which can be gen-
eralized to a two-stream HEN with many heat exchangers.
Suppose there are k heat exchangers, r mixers, and some
distributors, the total entransy dissipation now equals the
sum of the entransy dissipations during heat transfer in each
heat exchanger and during mixing within each mixer. That
is,

Gy pex = PR Gy x> 9
3 ,

where Gypen is the total entransy dissipation for a two-
stream HEN, Gy« and G« are the respective entransy
dissipations in each heat exchanger and mixer. The entransy
dissipation during separation equals zero, because the sepa-
rating process is isothermally performed. The heat transfer
rate of HEN equals the thermal energy decrement of the hot
fluid or the equivalent thermal energy increment of the cold
fluid. Next, we define the entransy-dissipation-based ther-
mal resistance of the two-stream HEN as

G¢,HEN (10)

R¢,HEN = 5

QHEN

where the subscript HEN relates quantities to the heat ex-
changer network.

2 Thermal resistance analyses

2.1 Analysis of a two-stream HEN with a medial fluid

There are two kinds of optimizations for the two-stream
HEN with medial fluid. If the ratio of the hot to cold fluid
heat capacity rates is given along with the thermal conduct-
ances (overall heat transfer coefficient times heat transfer
surface area) of the two heat exchangers, a two-stream HEN
with medial fluid can be optimized by changing the heat
capacity rate of the medial fluid, that amounts to optimizing
the heat capacity rate ratio of the two heat exchangers. Al-
ternatively, if the heat capacity rates of the hot fluid, cold
fluid, and the medial fluid are given as well as the total
thermal conductance of the two heat exchangers, the opti-
mization of a HEN can be performed by changing the ther-
mal conductance ratio of the two heat exchangers. The pa-
rameters prescribing the two-stream HEN with medial fluid,
shown in Figure 1, are listed in Table 1.

From the optimization of a two-stream HEN, numerical
results for the heat transfer rate and the entransy-dissipation-
based thermal resistance versus the heat capacity rate of
medial fluid are plotted in Figure 3, where the heat capacity
rate ratio of the hot-to-cold fluid and thermal conductances
of the two heat exchangers are given. Under the given
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Table 1 Parameters of a two-stream HEN with a medial fluid
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Hot fluid

Cold fluid

Heat exchanger 1 Heat exchanger 2

Inlet temperature Heat capacity rate 1 Inlet temperature

Heat capacity rate Thermal conductance
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Figure 3 Heat transfer rate and thermal resistance versus the heat capac-
ity rate of medial fluid.

parameters, it is seen that the heat transfer rate first increas-
es, then decreases as the heat capacity rate of the medial
fluid increases. A maximum heat transfer rate between hot
and cold fluids exists. In contrast, the entransy-dissipation-
based thermal resistance first decreases, and then slowly
increases. Here, the minimum thermal resistance corre-
sponds to a maximum heat transfer rate. The optimal heat
capacity rate of medial fluid reads off from Figure 3 is 240
W/K where the heat transfer rate is maximal.

Similarly, numerical results for the same quantities as in
Figure 3 are given in Figure 4 against the ratio of thermal
conductance of heat exchanger 1 to the total thermal con-
ductance. The heat capacity rate of the medial fluid is 200
W/K and the sum of the thermal conductances for the two
heat exchangers is 3000 W/K. It is seen that the heat trans-
fer rate between hot and cold fluids exhibits a peak; again, a
maximum heat transfer rate exists. Also as before, the
minimum entransy-dissipation-based thermal resistance is
corresponding to the maximum heat transfer rate. The opti-
mal thermal conductance ratio is 0.41 and is related to the
ratio of the heat transfer surface area of heat exchanger 1 to
the total heat transfer surface area of the two heat exchang-
ers if their overall heat transfer coefficients are fixed.

Table 2 Parameters of a two-stream HEN with mixers

la

Figure 4 Heat transfer rate and thermal resistance versus the thermal
conductance ratio.

2.2 Analysis of a two-stream HEN with mixers

A similar analysis to the above is performed for a two-
stream HEN with mixers, shown schematically in Figure 2.
The parameters for this type of HEN are listed in Table 2.

In the numerical analysis, the heat capacity rates of the
hot fluid in the two heat exchangers and the total heat ca-
pacity rate of the cold fluid are held fixed, the thermal con-
ductances of heat exchangers 1 and 2 are 1000 W/K and
2000 W/K, respectively. In Figure 5, the heat transfer rate
between hot and cold fluids and the entransy-dissipation-
based thermal resistance of the HEN are plotted against r,
the ratio of cold heat capacity rate in heat exchangers 1 to
the total cold fluid heat capacity rate. It is seen that there
exists a maximum in the heat transfer rate and a minimum
in the entransy-dissipation-based thermal resistance. If the
heat capacity rate of cold fluid in heat exchanger 1 is 284
W/K, i.e., r.=0.71, the heat transfer rate attains its maximum
value, concurrent with a minimum in the thermal resistance.

If the heat capacity rates of the hot fluid in heat exchang-
ers 1 and 2 are 200 W/K and 100 W/K, the heat capacity
rates of cold fluid in heat exchangers 1 and 2 are both 200
W/K, and the total thermal conductance of the two heat ex-
changers is 3000 W/K, the two-stream HEN with mixers

Hot fluid

Cold fluid Heat exchanger 1 Heat exchanger 2

Inlet temperature ~ Heat capacity rate 1 Heat capacity rate 2

Inlet temperature  Heat capacity rate

Thermal conductance

500 K 200 W/K 100 W/K

300K 400 W/K

1000 W/K 2000 W/K
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1.0 medial fluid and mixers, schematically shown in Figure 7.
In this HEN, there are three counterflow heat exchangers,
08l 3 one hot fluid, one cold fluid, one medial fluid and two mix-
ers, the parameters are listed in Table 3.
LKE 06l Its optimal working conditions can be obtained by opti-
® mizing c,, the total heat capacity rate of the medial fluid,
g Q/Qrnax and r, the ratio of medial fluid heat capacity rate in heat
g 04, \ " RIRmax 1 exchanger 1 to the total medial fluid heat capacity rate. In
Y numerical simulations, the total heat capacity rate of the
0zl ", PR medial fluid was varied from 500 to 2500 W/K, and the
T e ratio of the medial fluid heat capacity rate varied from O to 1.
0 . ‘ ‘ ‘ The normalized heat transfer rate between hot and cold flu-
0 0.2 0.4 0.6 0.8 1.0 ids and the entransy-dissipation-based thermal resistance are
fe presented in Figure 8, where the convex surface corre-
Figure 5 Heat transfer rate and thermal resistance versus cold heat ca- sponds to the heat transfer rate, the concave surface displays
pacity rate ratio.
TE" Thi
can be optimized by changing the ratio of thermal conduct- _ | _ Heatexchanger3 = | 7
r m1
ance | to the total thermal conductance, r, The analogous I b~ Teo
numerical results, plotted in Figure 6, again produce a I - K AV V) T002>
maximum heat transfer rate between hot and cold fluids and : et e
a minimum entransy-dissipation-based thermal resistance. | : :
These extrema occur when the thermal conductance ratio r,, I | I
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1 |
' I |
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Combining the two types of two-stream HEN discussed Toi >
above, we construct a simple two-stream HEN with both Figure 7 Two-stream HEN with both medial fluid and mixers.
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a Figure 8 Numerical results for the heat transfer rate and entransy-dissi-
Figure 6 Heat transfer rate and thermal resistance versus the thermal pation-based thermal resistance of the HEN described in Figure 7 and
conductance ratio. Table 3.

Table 3 Parameters of the two-stream HEN with both medial fluid and mixers

Hot fluid Cold fluid Heat exchanger 1 Heat exchanger 2 Heat exchanger 3

Inlet temperature Heat capacity rate Inlet temperature Heat capacity rate 1 Heat capacity rate 2 Thermal conductance
500 K 1000 W/K 300K 1000 W/K 1000 W/K 800 W/K 1500 W/K 1000 W/K
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the entransy-dissipation-based thermal resistance of the
HEN.

The numerical results indicate that the heat transfer rate
between hot and cold fluids and the entransy-dissipation-
based thermal resistance attain extrema when ¢, is 1490
W/K and ris 0.59. To understand the influences of ¢, and r,
the heat transfer rate between hot and cold fluids and the
entransy-dissipation-based thermal resistance can be calcu-
lated for different » when ¢, is optimally fixed, and for dif-
ferent c,,, when r is optimally fixed, the two sets of results
are plotted in Figures 9 and 10, respectively. Once again,
the maximum heat transfer rate between hot and cold fluids
corresponds to the minimum entransy-dissipation-based
thermal resistance. According to these numerical results, we
conclude that the minimum thermal resistance principle
holds in the optimization of two-stream HENs. This can be
stated as follows: under the same conditions, the lower the
entransy-dissipation-based thermal resistance is, the higher
the heat transfer rate between hot and cold fluids in the
two-stream HEN will be.

g
«
© — Qs
QE B R/Rmax
€ N

.,
0 L L n n
0 0.2 04 0.6 0.8 1.0

c

Figure 9 Heat transfer rate and entransy-dissipation-based thermal
resistance versus r (¢,=1490 W/K).
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Figure 10 Heat transfer rate and entransy-dissipation-based thermal
resistance versus ¢, (r=0.59).
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3 Conclusion

Similar to the definition of the entransy-dissipation-based
thermal resistance of a heat exchanger, the entransy-dissi-
pation-based thermal resistance of a two-stream HEN was
defined, where the entransy dissipation during mixing was
taken into consideration. Numerical analyses for three sim-
ple two-stream HENSs indicate that the maximum heat
transfer rates between hot and cold fluids always corre-
sponded to the minimum entransy-dissipation-based thermal
resistance. The two-stream HEN can be optimized using the
minimum thermal resistance principle, which states: under
the same conditions, the lower the entransy-dissipation-
based thermal resistance is, the higher the heat transfer rate
between hot and cold fluids in the two-stream HEN will be.

Further work will focus on the thermal resistance analy-
sis of more complicated heat transfer networks, involving
multiple streams.
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