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Abstract: This paper presents an investigation on the optimum design for a plate-fin heat exchanger
(PFHE) of a gas and supercritical carbon dioxide combined cycle which uses thermal oil as inter-
mediate heat-transfer fluid. This may promote the heat transfer from low heat-flux exhaust to a
high heat-flux supercritical carbon dioxide stream. The number of fin layers, plate width and ge-
ometrical parameters of fins on both sides of PFHE are selected as variables to be optimized by a
non-dominated sorting genetic algorithm-II (NSGA-II), which is a multi-objective genetic algorithm.
For the confliction of heat transfer area and pressure drop on the exhaust side, which are the objective
indexes, the result of NSGA-II is a Pareto frontier. The technique for order of preference by similarity
to ideal solution (TOPSIS) approach is applied to choose the optimum solution from the Pareto
frontier. Finally, further simulation is performed to analyze the effect of each parameter to objective
indexes and confirm the rationality of optimization results.

Keywords: gas turbine; thermal oil loop; supercritical carbon dioxide; plate-fin heat exchanger;

optimization

1. Introduction

Gas turbines have a strategic position in the field of energy utilization, with the
advantages of high-efficiency, flexible operation and a wide range of fuel applications.
The development of flexible and high-efficient gas turbine power generation technology
is an inevitable demand for creating a low-carbon and high-efficiency energy system [1].
Moreover, it is also important to deal with global climate change and achieve the goal of
carbon peak and carbon neutralization [2]. However, medium-high temperature waste
heat is often carried by the low-pressure exhaust of gas turbines. The waste heat of gas
turbines is of a lower heat flux density compared with solar energy, nuclear energy and
other medium-high temperature heat sources, and a higher grade than low-temperature
heat sources, which indicates that it is valuable to be recovered. According to the principle
of energy cascade utilization, combined power cycles can be used for the recovery and
utilization of gas residual heat energy.

In recent years, the research on new types of power cycles using supercritical carbon
dioxide (s-CO;) as working fluid has been studied gradually, and its development prospect
in the field of waste heat recovery and gas turbine bottom cycle has been discussed [3].
Compared with steam and organic working mediums, the thermodynamic properties of
supercritical carbon dioxide match the gas waste heat parameters better and the design of
the devices are more compact and efficient, so that the gas and supercritical CO, combined
cycle could improve the thermal efficiency of the cycle effectively and realize the efficient
utilization of waste heat of gas turbines. Researchers have already focused on the heat
exchanger design for heat transfer between supercritical carbon dioxide and other working
fluids. Cai et al. [4] proposed a microtube heat exchanger for the heat transfer between
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supercritical CO, and water. Zendehboudi et al. [5] investigated the heat transfer char-
acteristics of a brazed plate heat exchanger for supercritical CO; and water. Du et al. [6]
conducted a size optimization study for the heat exchanger which was applied in a marine
supercritical CO; Brayton cycle. Cai et al. [7] optimized microtube heat exchangers for
supercritical CO, cooling. Wang and Kissick [8] designed a compact heat exchanger for heat
transfer between supercritical CO; and liquid sodium. A printed circuit heat exchanger
(PCHE) was also suggested for the heat transfer of supercritical carbon dioxide. Although
a PCHE had been designed for exhaust gas waste heat recovery [9], the pressure loss in the
semi-channels of the PCHE was very large. Moreover, the use of heat transfer medium may
promote the heat transfer from low heat-flux exhaust to high heat-flux s-CO, stream [10].
In this case, the design of a heat exchanger which shoulders the heat-transfer task seems
particularly crucial, and plate-fin heat exchangers (PFHE) are a feasible solution because
of their high thermal efficiency and large heat transfer area per unit volume [11]. Among
these former heat exchangers, it seems that the plate-fin heat exchanger is a better solution
for the gas turbine and supercritical carbon dioxide combined cycle with thermal oil loop.

Several researchers have explored the optimization method for design parameters of
plate-fin heat exchangers. Kedam et al. [12] used the heat transfer j correlations to design a
compact plate-fin heat exchanger, and results showed that this model was viable for PFHE
with offset trip fins and wavy fins. Jige et al. [13] focused on the heat transfer character-
istics of vertical upward flow in plate-fin heat exchangers. Guo et al. [14] conducted an
optimization for the fin types of multi-stream plate-fin heat exchangers. Haider et al. [15]
focused on the inlet configuration design to enhance the thermodynamic performance
of plate-fin heat exchangers. Wen et al. [16] carried out a numerical investigation on fin
configurations of plate-fin heat exchangers. Moreover, researchers begin to employ artificial
intelligence approaches to optimize the design parameters of plate-fin heat exchangers,
such as neural networks [17]. Cho et al. [18] used a genetic algorithm to optimize the
PFHE layer stacking pattern with low thermal tress in abnormal operating conditions.
Zarea et al. [19] employed bees algorithm hybrid with particle swarm optimization to
complete a thermal-economic design of plate fin heat exchangers. Li et al. [20] used a
multi-objective genetic algorithm to obtain the geometric parameters of serrated fins in
PFHE, considering heat transfer enhancement, decrease in flow resistance and maximum
stress. NSGA-II is a multi-objective genetic algorithm proposed by Deb et al. [21]. With the
advantages of quick speed and good convergence of the solution set, it has been used by
a number of researchers [22,23] and has become the benchmark of other multi-objective
optimization algorithms [24]. Besides, Hajabdollahi [25] introduced the constructal theory
for multi-objective optimization of plate-fin heat exchangers.

In order to make full use of exhaust heat from gas turbines, this paper presents an
investigation on the multi-objective optimum design for plate-fin heat exchangers of a gas and
supercritical carbon dioxide combined cycle using thermal oil as an intermediate heat-transfer
fluid. The heat transfer area and the pressure drop are selected as two optimization objectives,
which could show the techno-economic performance of the plate-fin heat exchanger. Firstly,
designed thermodynamic parameters for the combined cycle were determined. Based on
the geometric estimated model, geometric parameters for the plate-fin heat exchanger in the
combined cycle were designed. Moreover, a Non-dominated Sorting Genetic Algorithm-II
(NSGA-II) was conducted to find the optimum design result of the plate-fin heat exchanger,
considering both the thermo-dynamic performance and compactness. Finally, the objective
functions with respect to each parameter are investigated.

2. PFHE Modeling

A counter-flow plate-fin heat exchanger with serrated fins was chosen for the heat
transfer of exhaust gas and thermal oil. Its layer structure is shown in Figure 1a, and
geometry details of strip-fins are illustrated in Figure 1b.
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Figure 1. Schematic of PFHE: (a) layer structure; (b) fins geometry.

2.1. Heat Transfer Calculation

The hot side or cold side of heat transfer area can be calculated by [26]

A = LLwN[1+2n(H —t)] 1)
The flow area is calculated by the following equation:

Agf = (H—t)(1—nt)LwN @)
The hydraulic diameter is expressed as

s n(H-1)
Py = ¥ (H 1] + (H - D/, ®)

For the single-phase region, the j factor is introduced to calculate the heat transfer
coefficient for the single-phase flow [11], therefore:

; -2/3
L i @)
Aff
As the Joshi and Webb correlation expressed [27,28], the j factor can be given:
| 058Re "%(l5/Dy,) " P[s/(H — 1)]**(Re < Re¥) )
| 021Re*%(I;/ Dy ) ~***(t/ Dy )" (Re > Re* +1000)

x 123 058 —05) !

Re* = 257(1/s) 2 (t/15)* Dhy{t +1328 [Re/ (sthy)] } ©6)

The thermal design of PFHE is carried out by using the e-NTU method. Counter flow
structure is adopted in the present paper, and the relationship between ¢ and NTU is shown
in the following formula:

1—exp{ (-NTU)[1 — {2 |}

qmC)max

T {Dnchuin. exp { (~NTU) [1— {5join |}

qmC)ymax (qmc)mﬂx

@)
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The effectiveness ¢, which is defined as the ratio of actual heat transfer to theoretical
maximum heat transfer, can be found as:
(' —t)

max (8)

& =
t, — te

In this method, the number of transfer units NTU is defined as
1

NTU = ©)
1 1
(qmc) [W + W} min

2.2. Pressure Drop Estimation

For laminar or turbulent flow, the friction properties of the PFHE surface can be
obtained by the following equations [27]:

8.12Re%74(1/Dy,) " ** (s/H — 1) *% Re < Re*

= 0.17
/ 1.12Re 0% (1/ Dy, ) % (t / Dhy> Re > Re*

(10)

Furthermore, the frictional pressure drop for the hot and cold streams can be calculated
by:

2
ap = Hn” L . (11)
P Dy, L2N2(H — t)°(1 — nt)

2.3. Thermal Oil Properties

DOWTHERM A heat transfer fluid [29] was selected as the intermediate heat-transfer
fluid for its wide operating temperature range from 288 to 673 K. Operating at this upper
temperature limit of 673 K enables the highest exergy heat delivery and, finally, the greatest
efficiency. Thermal oil properties were evaluated based on manufacturer data, as shown in

Figure 2.
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Figure 2. Thermodynamic properties of DOWTHERM A heat transfer fluid.

2.4. Simulation Conditions

Thermodynamic conditions are defined for the plate-fin heat exchanger, including
mass flow rate, pressure and temperature in its inlet and outlet, as shown in Table 1. In the
following simulations, these conditions are fixed so that comparisons could be conducted
for plate-fin heat exchangers with different structure design parameters.
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Table 1. Thermodynamic conditions for plate-fin heat exchanger inlet and outlet.

Item Value

Mass flow rate of exhaust (kg/s) 21.77

Mass flow rate of thermal oil (kg/s) 13.07

Inlet pressure of exhaust (kPa) 105.5
Inlet temperature of exhaust (K) 783
Inlet temperature of thermal oil (K) 397
Outlet temperature of thermal oil (K) 673

Assumptions are made to simplify the thermodynamic conditions in the inlet and
outlet of plate-fin heat exchangers, as shown below.

1.  The composition of exhaust from gas turbine is fixed;

2. The pressure drop of the exhaust gas in heat exchangers is assumed to be no more
than 10% and no less than 3%;

3. The heat exchanger is working steadily and both fluids are assumed to be in the ideal
condition.

3. Optimization Method
3.1. Optimization Objectives

In this paper, a multi-objective optimization for the plate-fin heat exchanger is con-
ducted based on its heat transfer area and pressure drop. The heat transfer area represents
the capital cost of the plate-fin heat exchanger. The other objective of pressure drop affects
the backpressure of the gas turbine and power consumption of the working fluid pump. It
indicates that the thermodynamic performance of the combined cycle may change with the
variation in pressure drop. In general, the multi-objective optimization is a techno-economic
performance optimization for the plate-fin heat exchanger. Therefore, the optimization
method proposed in this paper is based on these two optimization objectives.

3.2. Optimization Algorithm

The non-dominated sorting genetic algorithm-II (NSGA-II) is employed to search for
the best solutions for the optimization objectives, whose solving procedure is illustrated
in Figure 3. The NSGA-II is improved by three approaches compared with NSGA-I. First
of all, the use of fast nondominated sorting reduces the complexity of computation and
combines the parent population with the offspring population, so that the next generation
population is selected from both of the two generations, and the best individuals are all
retained. Secondly, elitist preserving ensures that some excellent individuals will not be
discarded in the process of evolution, thus the accuracy of the optimization results is
improved. Thirdly, crowding distance is employed as the comparison standard among
individuals in the population and, as a result, the individuals can be evenly extended to
the whole Pareto domain, ensuring the diversity of the population [30]. Moreover, detailed
codes for this solving procedure are presented in the Supplementary Materials.

In solving a multi-objective optimization problem, the result is usually not a single
global optimum solution which optimizes every objective function simultaneously. Gen-
erally, the Pareto frontier is employed to show the distribution of these multi-objective
optimization solutions. These solutions can also be called Pareto optimal solutions. To
be specific, the Pareto frontier for the plate-fin heat exchanger optimization consists of a
horizontal axis of heat transfer area and a vertical axis of pressure drop. Besides, for a given
Pareto optimal solution, there is no other solution which satisfies every objective function
better than it in variable space, also called the non-dominated solution [31]. In this paper,
the NSGA-II is implemented in the platform of MATLAB.
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Figure 3. Solving procedure for NSGA-II using plate-fin heat exchanger optimization.

3.3. Decision Variables

Gen<Max_gen?

As indicators of thermal performance and compactness, the pressure drop on the
exhaust side and the heat transfer area of PFHE are selected to be optimization objectives.
Ten parameters are chosen as decision variables for the multi-objective optimization of
the plate-fin heat exchanger, whose details are listed in Table 2. Moreover, this table also
presents specified ranges of these 10 parameters, which are based on reference [26] and
the corresponding standards in production practice. With an initial population of 150, the
maximum number of generations is 100. Moreover, the crossover probability of 0.9 and a
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mutation probability of 0.1 were configurated in the optimization procedure. These control
parameters of the NSGA-II have been selected based on some pre-tests done to keep the
balance between the computational speed and the convergence property.

Table 2. Decision variables and corresponding specified ranges for multi-objective optimization of
plate-fin heat exchanger.

Parameter Description Specified Range
Npot Number of fin layers on hot side 2-200
Ly (m) Plate width 0.1-5
L5 pot (m) Offset fin length on hot side 0.03-0.010
ls cotq (m) Offset fin length on cold side 0.03-0.010
Spot (M) Spacing of fins on hot side 0.001-0.005
Seold (M) Spacing of fins on cold side 0.001-0.005
Hjor (m) Height of fins on hot side 0.002-0.020
Heppq (m) Height of fins on cold side 0.002-0.020
Fhot (M) Thickness of fins on hot side 0.0001-0.0005
teord (M) Thickness of fins on cold side 0.0001-0.0005

3.4. Optimum Solution Selection

Once the NSGA-II program is completed, one optimum solution should be selected
from Pareto frontier as the optimum design for PFHE. Selection criteria can depend on
engineering experiences, relative importance of the objective functions, sensitivity of the
optimum solutions to the parameters, etc. The technique for order of preference by similar-
ity to ideal solution (TOPSIS) approach is applied in this paper for its wide utilization in
choosing appropriate solutions from the Pareto frontier [32]. The principle of the TOPSIS
approach is to evaluate every solution by calculating its comprehensive distance between
the ideal optimal solution and the ideal worst solution. The solution with the highest score
is considered as the optimum decision.

Suppose there are m vectors as the optimization results of n objective functions, as
shown in Equation (12).

Xi =X, Xigyoo o) Xin), 1=1,2,...,m) (12)

Firstly, positive processing is employed on solutions to achieve the largest value of
each objective function, as the larger it is, the more favorable it is. As shown in Equation (13),
the reciprocals of area and pressure drop were taken in the present paper.

Xij=w,(i=12...,m),(Gj=12...,n) (13)
K:[E/E//Tm]/(lzllzl’m) (14)

Secondly, X; are standardized by
Zl‘]‘:772,(1:1,2,...,7’}’1),(]:1,2,...,7’1) (15)

2?21 (ij)
Zi:[Zﬂ,Zl-z,...Zl-n],(i:1,2,...,m) (16)

Then, the ideal optimal solution Z* and the ideal worst solution Z~ are defined as the
following:

zt=1(z{,z5,...2}] = [max{Z11, Zn, ..., Zmn }, max{Z1p, Zoo, ..., Zu2 }, - .., max{Z1y, Zon, ..., Zn}]  (17)

Z-=12{,25,...

Zy| = min{Zi1,Zn, ..., Zym }, min{Z12, Zpp, ..., Za}, ..., min{Z1y, Zoy, ..., Zun}] ~ (18)



Appl. Sci. 2022,12, 42 80of16

Distance from solution Z; to Z* and Z~ can be calculated by the following equations,
in which w; is defined as the weight of target index j.

n
2 .
Dl+I Zw](Z]"’—Zl]) ,(121,2,...,Tﬂ) (19)
j=1
& 2
j=

Therefore, the score of solution Z; i.e., X; is

D
Si=—"——,(i=12,...,m) (21)
Di" +D;

The normalized score of solution Z; i.e., X; is calculated by

S; ==——,00=12,..., 22
i,norm 221:1 Sk (l m) ( )

In the present paper, m is 150, n is 2, wy is 0.8 and wy is 0.2.

4. Results and Discussion

In this section, critical data and results during the optimization process are given. After
obtaining the optimum design of PFHE, sensitivity analysis is employed to investigate the
sensitivity of each objective function with respect to that parameter by varying the value
of the selected parameter. All calculation processes for the models were implemented in
MATLAB. Properties of the exhaust gas were estimated using NIST REFPROP 9.0 [33].

4.1. Preliminary Optimization Results

At the beginning of the optimization, 150 individuals are generated randomly, some of
which are show in Table 3 as examples. Pareto optimal frontier is depicted in Figure 4, and
every point on the picture is a non-dominated solution. The TOPSIS approach is conducted
to evaluate these solutions. Some of the solutions which obtain the highest normalized
scores are listed in Table 4 in descending order. Comparing Table 4 with Table 3, it can
be noticed that solutions are improved by NSGA-II significantly and distribution is more
centralized. The first solution in Table 4, as known from the TOPSIS approach, is the
optimum design of PCHE under the conditions of the present paper.

The effect of the design parameters on the heat transfer area and pressure drop of
the hot side are analyzed, respectively. While one parameter is analyzed by varying
its value, the others remain constant. Sensitivity analysis is conducted to confirm and
explain the rationality of the optimization result. In the pictures in this section, blue curves
represent the heat transfer area and red curves represent the pressure drop. When the same
parameters on two sides are analyzed, solid curves represent the variables of the hot side
and dash lines represent the variables of the cold side.
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Table 3. Specific individuals in first generation.
ls,hot ls,cold Shot Scold Hhot Hcold thot tcald A AP
Nh L (m)
ot w (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (m?) (kPa)
48.49 1.83 8.75 3.11 1.17 1.68 13.68 15.17 0.36 0.28 782.33 7.77
46.31 1.93 3.61 7.48 1.72 1.18 15.02 8.25 0.36 0.25 831.33 9.13
24.58 4.00 7.32 3.49 1.28 1.54 16.20 3.66 0.20 0.20 936.00 4.49
20.13 4.55 6.57 7.30 2.26 1.31 17.31 4.60 0.25 0.35 938.83 3.64
68.31 1.22 8.76 5.44 1.66 1.11 19.20 14.25 0.44 0.48 779.18 3.08
168.69 0.74 4.32 4.08 1.12 1.04 12.74 12.96 0.47 0.39 649.68 7.14
81.50 2.37 7.95 5.81 1.06 1.30 12.64 10.03 0.47 0.14 975.84 3.84
180.48 0.45 9.71 7.90 1.05 1.02 17.36 10.41 0.43 0.19 651.97 7.53
57.01 1.87 8.46 6.12 1.23 1.19 11.55 15.80 0.35 0.47 771.08 5.66
182.61 0.57 8.96 6.66 1.07 1.52 12.68 14.99 0.11 0.17 957.40 3.91
136.68 1.50 3.22 4.99 1.45 1.29 12.46 2.20 0.44 0.13 922.72 3.96
117.22 0.82 741 4.29 1.33 1.86 11.48 14.00 0.28 0.19 893.36 7.84
106.31 1.42 8.37 9.68 1.47 1.10 9.60 3.16 0.15 0.14 855.37 3.33
44.22 3.88 741 8.66 1.09 1.05 9.18 5.77 0.34 0.43 712.00 5.28
148.05 0.85 3.60 3.34 1.32 1.85 8.99 7.18 0.16 0.35 839.25 9.75
35.35 3.36 7.94 9.01 2.08 1.09 12.05 5.58 0.47 0.21 969.11 5.71
57.08 1.40 6.52 6.98 1.50 1.20 16.64 5.63 0.39 0.37 681.91 7.10
189.73 0.66 9.39 9.45 1.06 1.13 11.56 15.28 0.38 0.32 828.73 5.57
71.38 0.93 7.53 4.06 1.53 1.42 16.77 3.93 0.24 0.40 706.44 7.85
34.81 1.93 7.65 8.12 1.54 1.99 19.57 14.67 0.27 0.16 989.33 5.47
8 T T T T
*
75F % .
Y _
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©
e
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Figure 4. Pareto optimal frontier for heat transfer area and pressure drop of PFHE.
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Table 4. Top 20 solutions with highest normalized score.
ls,hot ls,cold Shot Scold Hhat Hcold thot tcold A A
Niot  Lo(m) ol ool o)y ) e me) m ) Gew RAK
41.33 1.30 3.74 3.00 1.00 1.00 20.00 13.02 0.10 0.50 526.89 455 1
41.47 1.26 9.81 3.00 1.00 1.00 20.00 13.57 0.10 0.50 510.78 513 2
41.02 1.16 9.71 3.00 1.00 1.00 20.00 17.02 0.10 0.50 469.65 7.60 3
41.28 1.26 4.47 3.00 1.00 1.00 20.00 14.54 0.10 0.50 504.31 5.40 4
41.08 1.16 5.46 3.00 1.00 1.00 20.00 13.90 0.10 0.50 472.43 6.98 5
41.01 1.21 7.57 3.00 1.00 1.00 20.00 12.37 0.10 0.50 489.71 6.01 6
42.19 1.37 5.34 3.00 1.00 1.00 20.00 14.28 0.10 0.50 580.02 3.25 7
41.33 1.30 10.00 3.00 1.00 1.00 20.00 17.28 0.10 0.50 528.96 448 8
42.06 1.27 427 3.00 1.00 1.00 20.00 14.69 0.10 0.50 539.48 413 9
41.40 1.26 9.97 3.00 1.00 1.00 20.00 13.33 0.10 0.50 514.77 497 10
42.18 1.32 4.30 3.00 1.00 1.00 20.00 14.80 0.10 0.50 555.76 3.70 11
40.96 1.21 991 3.00 1.00 1.00 20.00 13.62 0.10 0.50 493.13 5.84 12
40.79 1.22 5.69 3.00 1.00 1.00 20.00 14.21 0.10 0.50 488.67 6.07 13
41.04 1.26 10.00 3.00 1.00 1.00 20.00 17.12 0.10 0.50 531.51 440 14
42.13 1.29 3.80 3.00 1.00 1.00 20.00 12.94 0.10 0.50 549.13 3.85 15
42.18 1.38 9.70 3.00 1.00 1.00 20.00 17.18 0.10 0.50 569.60 3.39 16
41.36 1.24 8.37 3.00 1.00 1.00 20.00 12.31 0.10 0.50 498.08 5.67 17
41.33 1.25 3.58 3.00 1.00 1.00 20.00 12.90 0.10 0.50 509.82 5.16 18
41.44 1.27 3.89 3.00 1.00 1.00 20.00 14.25 0.10 0.50 520.59 475 19
41.04 1.18 3.58 3.00 1.00 1.00 20.00 12.87 0.10 0.50 476.80 6.74 20

4.2. Effect of PFHE Size Parameters
4.2.1. Number of Fin Layers

Above all, it should be noted that there is one more fin layer on the cold side than the
hot side. The effect of the number of fin layers on the heat transfer area and pressure drop
are illustrated in Figure 5a. In general, the increasing of the number of fin layers causes
an increasing in the heat transfer area and a decrease in the pressure drop. The decline in
pressure is because of both the decline in Re and the increasing of the number of fin layers.
As the number of fin layers increased from 2 to 10, there was a sharp drop in pressure
drop; after that, the pressure drop continued down to around 0.1 kPa. There is an obvious
change in pressure drop when the number of fin layers is from 10 to 13. From Figure 5b,
it can be explained that the increase in the number of fin layers increases the flow area,
affecting exhaust changes from turbulence to the laminar flow which makes the j factor
increase, and the increase in the heat transfer coefficient on the hot side ultimately results
in the reduction of the required heat exchange area. It seems that both heat transfer area
and pressure drop are relatively small when the number of fin layers is about 30, which is
consistent with the results of the optimization.

4.2.2. Plate Width

First of all, it should be noted that the plate width is designed the same on both sides
of PFHE. The effect of the plate width is similar to the number of fin layers. As shown in
Figure 6a, when plate width varies from 0 to 0.35, pressure drop drops sharply. As shown
in Figure 6b, the changing of pressure drop when the plate width is around 0.5 m has a
similar reason as the number of fin layers. It seems that 2.29732 m is reasonable as the
width of the plate, taking into account the limit of pressure drop of less than 10%.
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transfer area, (b) heat transfer coefficient on hot side.

4.3. Effect of Fin Design Parameters
4.3.1. Fin Length

As shown in the solid blue and red lines in Figure 7, pressure drop continues to go
down, but the heat transfer area continues to increase when fin length on the hot side
changes from 3 mm to 10 mm. As for the cold side, both pressure drop and heat transfer
area increased persistently when fin length on the cold side changed within the same range.
It seems that the optimum design of fin length on the hot side is near 6 mm, which matches
the result of the NSGA-IL

4.3.2. Fin Spacing

Figure 8 shows the effect of fin spacing on the heat transfer area and pressure drop.
For the fin spacing on the hot side (solid curves in Figure 8), when fin spacing varies
from 1 mm to around 3.2 mm, the heat transfer area increases at an accelerating rate and
pressure drop descends first then rises to the starting value. When fin spacing varies from
around 3.2 mm to around 5 mm, the heat transfer area increases linearly but pressure drop
increases slightly. For the fin spacing on the cold side (dash curves in Figure 8), the situation
is simpler, both pressure drop and heat transfer area go up in a straight line. Obviously,
the spacing of fins on both sides should be near the lower limit, which corresponds to the
result of the optimization.
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4.3.3. Fin Height

The effect of the fin height on both the hot (solid curves) and cold side (dash curves)
are illustrated in Figure 9. For fin height on the hot side, as fin height rises, pressure drop
descends continuously. Heat transfer area increased linearly when fin height varied from
2 mm to 4 mm, and it experienced a sharp decrease when fin height increased to nearly
8 mm, finally increasing up to when fin height was up to 20 mm. For the fin height on the
cold side, it seems fin height has no relation to pressure drop on the hot side, but it does
influence heat transfer area. When fin height changed in the same range, the heat transfer
area experienced a decelerated decrease stage firstly, finally rising when fin height varied
from around 10 mm to 20 mm. According to the above analysis, it seems that 20.00 mm
and 13.02 mm are reasonable choices for fin height on the hot and cold side, respectively.
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Figure 9. Effect of fin height on heat transfer area and pressure drop of PFHE.

4.3.4. Fin Thickness

The effect of fin thickness on both the hot (solid curves) and cold side (dash curves)
are illustrated in Figure 10. For the hot side, the pressure drop increased but heat transfer
decreased with fin thickness rising. For the cold side, fin thickness has no influence on
pressure drop; however, the increase in fin thickness had a negative impact on heat transfer
area. It seems that 0.10 mm and 0.50 mm are reasonable choices for fin thickness on the hot
and cold side, respectively.
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5. Conclusions

Parameter optimization was performed for plate-fin heat exchanger of a gas and su-
percritical carbon dioxide combined cycle using thermal oil as an intermediate heat-transfer
fluid, considering heat transfer area and pressure drop as objective indexes, alongside 10
parameters that were used as optimization variables.

The results show that the optimum values of the number of fin layers, plate width,
fin length on the hot side and the height of the fins on the cold side are 41.33, 1.30 m,
3.74 mm and 13.02 mm, respectively. Appropriate values of the height of the fins on the
hot side and fin thickness on the cold side are near the upper limits, which are 20.00 mm
and 0.50 mm, respectively, while suitable values of fin length on the cold side, spacing of
fins on the hot side, spacing of fins on the cold side and fin thickness on the hot side are
around the lower limits, which are 3.00 mm, 1.00 mm, 1.00 mm and 0.10 mm, respectively.
The optimum values of the last five parameters depend on the manufacturing process and
standard requirements.

The effect of each parameter on the heat transfer area and pressure drop of plate-fin
heat exchanger shows a non-monotonic variation trend. Considering the limitations of
pressure drop, a width of the plate of 2.297 m may be reasonable. The simulations with
variable fin height show that the reasonable values for the PFHE hot side and cold side are
20.00 mm and 13.02 mm, respectively. Moreover, the suitable design values of fin thickness
on the PFHE hot side and cold side are 0.10 mm and 0.50 mm, respectively. These results
from this paper indicate that, when optimum design is adopted, PFHE can be used to
transfer heat from low heat-flux exhaust to a high heat-flux super-critical carbon dioxide
stream with the advantages of compactness and excellent thermodynamic performance.
Optimization results and methods used in this paper may help researchers complete the
design of PFHESs or carry out further research on optimization.
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Nomenclature
A heat transfer area (m?)
Ag flow area (m?)
c specific heat (k] kg~! K1)
cp specific heat at constant pressure (kJ kg_1 K1)
Dy, hydraulic diameter (m)
f fanning friction factor
H fin height (m)
h heat transfer coefficient (W m~2 K1)
j j factor
L plate length (m)
Ly plate width (m)
Is offset fin length (m)
N number of layers
NTU number of transfer units
n fin frequency (fins per meter)
p pressure (Pa)
Ap pressure drop (Pa)
Pr Prandtl number
Gm mass flow rate (kg/s)
Re Reynolds number
s fin spacing (m)
t fin thickness (m)
t inlet temperature (K)
t” outlet temperature (K)
Greek letters
€ effectiveness of heat exchanger (%)
P density (kg m~3)
Subscripts
c cold
h hot
max maximum
min minimum
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