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Abstract: Based on the research background of improving personal thermal comfort and promoting
building energy efficiency, personal comfort systems (PCSs) have recently received considerable
attention. The thermoelectric conversion unit (TECU) has great potential in PCSs as it is compact
in size, environmentally friendly and highly reliable. Aiming to improve heat exchange efficiency,
this paper investigates the structural optimization of heat sink for the TECU used in PCSs. Firstly,
the heat exchange mechanism of the thermoelectric module is analyzed. The structural design of the
cold-side heat sink in the TECU is summarized as a multiobjective optimization problem in which
four structural parameters (number of fin rows, fin thickness, fin height and thickness of base) of the
heat sink are selected as the adjusting variables. Then, based on the establishment of the cold-side
computational fluid dynamics simulation model, a multiobjective genetic algorithm is utilized for the
optimization task. Sensitivity analysis demonstrates that the number of rows and the fin thickness
have significant influence on the optimization objectives. Taking both the outlet airflow temperature
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1. Introduction

Buildings account for around 40% of global energy use [1,2], while heating, venti-
lation and air-conditioning (HVAC) systems account for the majority of building energy
consumption [3]. In spite of such significant HVAC energy consumption, it is difficult to
meet the ASHRAE requirements of 80% occupant satisfaction with the indoor thermal
environment due to the differences in occupant thermal preferences [2,4]. Personal com-
fort systems (PCSs) provide an effective solution to fill the gap between building energy

consumption and occupant thermal comfort [5,6]. PCSs are commonly used to adjust the
microenvironment of the local occupied area. This control mode addresses the requirement
of each individual’s thermal comfort and the expansion of the HVAC set-point range. It
may help improve the whole thermal comfort level and HVAC energy efficiency. In recent
This article is an open access article ~ Y€ars, various PCSs have been reported to increase convective cooling, radiant heating,
distributed under the terms and  and conductive heating/cooling of the occupants [7-11]. Among them, the thermoelectric
conditions of the Creative Commons  conversion unit (TECU), providing both cooling and heating functions with a better tem-
Attribution (CC BY) license (https://  perature control capability, has received considerable attention [10,12-15]. The TECU also
creativecommons.org/ licenses/by / has other benefits such as small size and weight, environmental protection, rapid thermal
40/). response, high reliability, etc. [16,17].
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Recently, many efforts have been devoted to designing and optimizing thermoelectric
devices [17-23]. Zhou et al. [18] optimized the thermal conductance allocation ratio
and analyzed the influence of total thermal conductance and the heat capacity rate on
the performance of a thermoelectric cooling system. Zhu et al. [19] optimized the total
heat transfer area allocation ratio for a thermoelectric device to achieve the maximum
coefficient of performance (COP) and cooling capacity. Seo et al. [17] discussed the
influence of different shapes of heat sinks attached to a thermoelectric module (TEM)
through numerical and experimental investigations. Although many researchers have
studied the design and optimization of thermoelectric devices, relatively few studies have
considered related problems in the PCSs. To list some, Zhao et al. [10] investigated the
weight minimization of a thermoelectric unit used in a PCS. Hong et al. [14] designed a
wearable thermoelectric device for personalized thermoregulation. Lou et al. [12] designed
a lightweight thermoelectric undergarment system that could achieve potential savings
of about 15% of HVAC energy without compromising personal thermal comfort. The
structural parameters of heat sinks have great influence on the heat exchange efficiency
of the attached TEM [17]. Yu et al. designed a novel portable cooling suit based on
thermoelectric conversion refrigeration and confirmed its remarkable cooling effect through
experiments [21]. To our best knowledge, the issue of optimizing the heat sink is rarely
investigated for the thermoelectric devices applied to PCSs. Considering the low energy
efficiency ratio of thermoelectric devices, structural optimization of the heat sink is an
effective way to improve the performance of PCS.

Motivated by the above discussion, the structural optimization of the heat sink at-
tached to the TEM is studied in this paper for potential application in PCSs. Main contribu-
tions include the following three aspects:

(1) The heat exchange mechanism of TEM is analyzed. On this basis, the structural design
of the attached heat sink is summarized as a multiobjective optimization problem.

(2) Based on the established computational fluid dynamics (CFD) model of the heat
exchange procedure, the main parameters of the cold-side plate-fin heat sink are
optimized with the aid of multiobjective a genetic algorithm (MOGA). In addition,
parameter sensitivity analysis is provided, and the number of rows and fin thickness
show significant influence on optimization objectives.

(3) Based on the simulation results, experimental tests are carried out. Results demon-
strate that the developed structural optimization can effectively enhance the efficiency
of heat exchange between the heat sink and the airflow in the TECU, which helps
enhance personal thermal comfort.

The rest of this paper is organized as follows: The heat transfer characteristics of the
TEM are analyzed, and the multiobjective optimization problem is formulated in Section 2.
The CFD model of the cold-side heat exchange process is established in Section 3. The
MOGA optimization process is developed, and simulation results are discussed in Section 4.
Experimental tests are provided in Section 5. Finally, some conclusions and future work
are given in Section 6.

2. Problem Formulation

With the goals of improving personal thermal comfort and promoting building energy
efficiency, the TECU designed in this paper is applied to a PCS. Taking the cooling scenario
as an example, Figure 1 shows the diagrammatic sketch of the PCS for this study.

The forced airflow generated by the microblower is blown into the special clothing
with Y-shaped pipes through the TECU (see Section 5 for the physical connection diagram).
In this procedure, cold airflow formed by the cold side of the TEM helps the human
body achieve comfort. The TECU is the core component that is housed in a 3D-printed
plastic casing, as shown in the 6 part of the testing platform figure in Section 5.1. The
TECU in Figure 1 includes from top to bottom: a hot-side fan, a hot-side heat sink, a TEM
(including a hot-side ceramic substrate, a semiconductor thermocouple and a cold-side
ceramic substrate) and a cold-side heat sink; from left to right, it includes: an air inlet, a



Energies 2022, 15, 2781

30f16

heat exchange in the TECU and air outlet. Figure 2 shows the schematic diagram of a TEM
with heat sinks inside the TECU package. The red-dashed rectangle contains a heat sink
and a ceramic substrate at the cold side. The blue arrow points out the airflow direction.
For the TEM, the heat balance equations can be found in various papers [16-18,24]. The
heat absorbed on the cold side (Q.) and the heat released on the hot side (Qj,) of the
thermoelectric module can be described as follows:

Qc = agITe — Ko(T, — Tc) — $RoI? 1)

Qn = aoITy — Ko(Ty, — Te) + 3RoI? 2

where [ is the input current. T, and Tj, are the cold and hot side temperatures, and ag, R
and K are the Seebeck coefficient, the electric resistance and the thermal conductance of
the TEM, respectively. The input power (P) and coefficient of cooling performance (COPc)
are given as:

P = (a(Tj, — Tc) + IR)I 3)
COP, = % = 5%~ )

From Equations (1)—(4), we can obtain that Q. and Qj, decrease with increasing tem-
perature difference between the cold and hot sides if T, is constant. Moreover, the COPc
also decreases with increasing the temperature difference for a given current.

—— electrical channel

Control and drive module .
Jﬁ —J —— airflow channel

Micro blower| »  TECU ,| Clothing with
Y-shaped pipes

air inlet

—

Figure 1. Diagrammatic sketch of a PCS with a TECU.
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Figure 2. Schematic diagram of a TEM with heat sinks inside the TECU package.

In practice, to decrease the cold-side temperature, heat dissipation for the hot side
is conducted using a heat sink and a cooling fan. For the cold side, the cooled airflow
is delivered to the human body at a certain velocity. Considering that the cold-side heat
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exchange significantly affects personal thermal comfort, we summarized the determination
of the cold-side heat sink’s structural parameters as an optimization problem.

To simplify the optimization process, a simulation model is established which only
contains components in the red-dashed rectangle. Because the temperature at the cold-side
substrate can be adjusted according to the input voltage, the above simplification for the
TECU is reasonable. Figure 3a shows the simplified cold-side simulation model. The heat
exchange cavity has a symmetrical structure. Airflow enters from the air inlet, exchanges
heat in the cavity and then flows out from the outlet. A basic four-column plate-fin copper
heat sink is selected for the optimization. Analysis indicates that the structural parameters
such as the number of fin rows, fin thickness, fin spacing, etc., have great influence on
the temperature and velocity of the outlet airflow. Figure 3b gives a schematic diagram
of the structural parameters for the cold-side plate-fin heat sink. In Figure 3b, L and W,
respectively, represent the length and width of the heat sink, & represents the height of
the fin, t; represents the thickness of the base, t £ represents the thickness of the fin and s
represents the fin spacing. Note that there is the following constraint relationship between
W, t 8 and the number of fin rows N:

W=Nxt;+(N—1)*s (5)

In this paper, we set the minimization of average outlet temperature (T) and the
maximization of average outlet airflow velocity (V) as the optimization objectives. Note
that both T and V are essential for further human thermal comfort adjustment. Choosing
N, tg, h and t;, as optimization variables, the structural design of the cold-side heat sink can
be expressed as the following multiobjective optimization problem:

in {T}, 14 6
fo}fiftb{ } Ng}?};ftb{ } ©6)

It is noted that during the optimization process, variables N, t;, 1 and h should meet
some upper and lower bound constraints. These constraints will be provided in Section 4.
For the fixed W, once N and ¢/ are optimized, s can be calculated according to Equation (5).
Moreover, the temperature of the cold-side substrate is fixed to 12 °C for the next simulation
and optimization study. This condition could be achieved at the experimental stage by
adjusting the input voltage of the TEM.

@ (b)

Figure 3. Simplified simulation model and schematic diagram of heat-sink parameters: (a) simulation
model with a cold-side heat sink and a ceramic substrate; (b) schematic diagram of heat-sink structural
parameters W, L, h, t;,, ¢ ¥ and s.
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3. Simplified CFD Model for Heat Exchange
3.1. Meshing and Boundary Conditions

Figure 4a shows the simulation model for the cold side of a TECU with meshing. The
lowest cell quality is 0.11739, and the highest one is 0.99979. The average cell quality is
about 0.85713. According to the cell quality and the size of the skewness, the numbers of
cells and nodes within the domain are set as 386,211 and 68,947, respectively. Since heat
exchange due to radiation accounts for a smaller proportion than that due to convection,
it is ignored in this study. The material of the heat sink is selected as copper. The inlet
boundary is set as the velocity inlet, and the outlet is the pressure outlet. Other boundaries
are set as walls.

(a)

18.9

14.2

[K]

(9

Figure 4. CFD simulation: (a) simulation model with meshing; (b) airflow velocity distribution at a
height of 6 mm; (c) temperature distribution at a height of 6 mm.
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3.2. Simulation Settings

In this paper, ANSYS software is used for the simulation and calculation process.
Assume that the airflow in the cavity of the TECU has turbulent characteristics. In the
turbulent domain, the standard k — e model is employed. In the near-wall domain, the stan-
dard wall function method is employed. The pressure-velocity-based coupling equation is
solved using a separate solver and the SIMPLE algorithm. The gradient term is calculated
based on the least squares method. The first-order upwind is utilized for the turbulent
dissipation rate and turbulent kinetic energy. The second-order upwind is utilized for all
another terms. If the relative change rate of residual between the maximum momentum and
energy is less than the given value 10~°, the calculation reaches the convergence condition.
Some parameters used in the simulation are given in Table 1.

Table 1. Parameter settings.

Parameter Setting Unit
Inlet airflow velocity 15 m/s
Inlet airflow temperature 27 °C
Ceramic substrate 12 oC
temperature
Air density 1.225 kg/m?3

A static simulation on the cold side of TECU is conducted and results are given in
Figure 4b,c. It is seen that the simulation is convergent and reliable, which provides an
accurate model for the structural optimization design. In this simulation, the structural pa-
rameters of the heat sink are randomly selected as: W = L =40 mm, N =19, ¢ F= 0.85 mm,
h =10 mm, t; =2 mm, s = 1.325 mm. The resulting outlet temperature and airflow velocity
(area-weighted average value) are about 294.6 K (21.5 °C) and 15.6 m/s, respectively.

4. Structural Optimization of the Heat Sink
4.1. Optimization Steps Based on a MOGA

The first MOGA, which was called vector-evaluated GA, can be traced back to
1989 [25]. Then, another MOGA based on nondominated sorting (NSGA) was proposed by
Srinivas and Deb [26]. An improved NSGA (NSGA-II) was provided by Deb et al. [27,28].
Simulation results demonstrated that the NSGA-II could obtain a much better spread of
solutions and better convergence performance near the Pareto-optimal front than some
comparison algorithms [28]. The MOGA utilized in this study is a hybrid variant of the
traditional NSGA-II using controlled elitism concepts. The Pareto-ranking scheme is per-
formed by a fast, nondominated sorting approach [29,30]. Note that the utilized MOGA
supports both continuous optimization (fy, t ¢, h) and discrete optimization (N) in this study.
The following steps are included in the parameter optimization process:

Step 1. Establishment of a CFD model. It includes building a heat-dissipation geomet-
ric model, setting model parameters and boundary conditions, verifying model accuracy,
etc. (see Section 3 for details).

Step 2. Parameter optimization based on a MOGA. It includes determining the op-
timization variables and objectives, generating the initial population, calculating fitness
values based on the CFD simulation, generating new populations via crossover and muta-
tion and performing iteration operations until convergence or stopping criteria are met to
obtain candidate points. Figure 5 shows the flow chart of parameter optimization based
on MOGA.

Step 3. Performance test for candidate points. Test the performance of candidate points
using a full CFD simulation. On this basis, the representative heat sinks are customized for
the experimental test.
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Figure 5. Flow chart of parameter optimization based on a MOGA.

4.2. Optimization Results and Analysis

For the hot side, a reasonable selection of heat sink is made through experiments. The
input voltage of the TEM and the speed of the cooling fan are fixed. The experiments are
conducted by choosing various hot-side heat sinks with different structural parameters.
The lowest cold-side temperature means the best hot-side heat sink. The final selection is
given in Table 2. When ambient temperature is 27 °C, adjusting the input voltage to 4.2 V
can reduce the cold-side temperature to 8 °C in the selected heat sink. The subsequent
cold-side structural optimization is based on these fixed hot-side conditions.

For the cold side, the MOGA is applied to optimize the structural parameters of
the heat sink. T and V are set to meet the following conditions: T <296 K, V > 15m/s.
Parameters N, t7, h and t), are set as optimization variables. Considering machining
precision and portability of the TECU, some constraints are provided in Table 2. L and W are
set to fixed values according to the cavity’s size (40 mm Xx 40 mm). The value/constraint of
s in the last column of Table 2 is calculated according to Equation (5). The initial population
size is set as 100.

Table 2. Parameter settings of heat sinks.

Parameters tp (mm) t; (mm) h (mm) N s (mm)
hot side 2 0.5 9 25 1.15
cold side 1.5-2 0.8-1.5 8-10 19-23 0.25-1.38

Applying the MOGA to solve the multivariable optimization problem in Formula (6),
we obtain the variations of T and V for different N shown in Figure 6. Note that the input
domain of the structural optimization in this study is a four-dimensional parameter space
(N, t r h and tp). To clearly show the relationship of T and V with different parameters, we
project the optimization results to two-dimensional spaces, as given in Figure 6.

For h =9 mm and t, = 1.75 mm, variations of T and V with ¢ rare given in Figure 6a,b,
respectively. From Figure 6, it is known that when N = 19 or 20, there is an approximately
linear relationship between T and t;. The greater ¢(is; the lower T is. When N reaches
22 or 23, the curve exhibits obvious nonlinear characteristics. For example, if N is fixed
to 23, T reaches the local minimum value when ¢t ¥ is about 1.15 mm. In addition, when
N=20and ¢t F=15mm, T reaches the minimum value of about 291 K. It can be seen from
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Figure 6b that V changes little if N = 19 or 20 (all around 15 m/s). If N =22 or 23, V
increases significantly when £ is larger than 1.2 mm. For ¢ = 1.15 mm and f, = 1.75 mm,
variations of T and V with h are given in Figure 6¢,d, respectively. If N = 19 or 20, with the
change of 5, the variation of T is little. If N = 21, 22 or 23, the variation of T is relatively
obvious. However, the maximum variation is less than 1K. For N = 23, the variation of V is
most obvious. This variation may be due to the changes of airflow temperature/pressure at
the inlet and outlet. For t; = 1.15 mm and h = 9 mm, variations of T and V with t; are given
in Figure 6ef, respectively. It can be seen that the influence of t;, on T and V is relatively
small.
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1.5 1.6 1.7 1.8 1.9 2 1.5 1.6 1.7 1.8 1.9 2
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Figure 6. Variations of T and V for different N: (a) variation of T with t¢; (b) variation of V with f;
(c) variation of T with }; (d) variation of V with #; (e) variation of T with t,; (f) variation of V with .

Figure 7 shows the local sensitivity of T and V to the structural parameters. It can
be seen that when N is small (such as N = 20), {7 has great influence on T. Its sensitivity
contribution rate is close to 50%. When N is large (such as N = 22), the influence of {f on
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V increases significantly. When N changes, the influence of # on T and V almost remains
unchanged. The influence of ¢, on T and V is very small. These analysis results are
consistent with those obtained from Figure 6a—f.

20 50 ‘
.
401 o
[
S S 30} =, |
z 220t
2 2
g 5 100
= (=]
2 3 —
= = 0
2 g
S S0t
20t
30 ‘
T \%
N=20 N=22

Figure 7. Local sensitivity of T and V to structural parameters.

Figures 8 and 9, respectively, show behaviors of T and V as functions of t; and h
(N=20or N =22, t, = 1.75). It is known that if N = 20, T reaches its minimum when
tr=14mmand k=9 mm. V is less affected by t; and h. If N = 22, the influence of h on T
presents different effects with different t;. Taking f¢ = 1.2 mm as an example, T reaches its
local minimum when / is approximately between 8mm and 9 mm. Moreover, if N =22, V
is less affected by h while more affected by .

295.5
296

295.5
294.5
295

24 ~294.5

g 293.5 =
=993 b = 294
293 293.5
2 292.5 293
291 292 292.5

1.6 — 16
N /9/5 ] P

t, (mm) 1\/ o

85 (mm)

Figure 8. Behavior of T as function of t¢ and h.
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Figure 9. Behavior of V as function of t; and h.

After the MOGA-based structural optimization, taking both the outlet airflow tem-
perature and velocity into consideration, one of the candidate points is chosen (N = 22,
tr =14 mm, h=9.5mm, t, = 1.5 mm, s = 0.44 mm). A full ANSYS-based CFD simulation
is performed using this candidate point. Figure 10 shows the simulation results. It is
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calculated that the average outlet temperature decreases about 6.5 °C compared with the
inlet temperature (27 °C). Compared with the unoptimized heat sink in Section 3, the
average outlet temperature with the optimized one decreases about 1.0 °C (4.7%) and
airflow velocity increases about 0.8 m/s (5.1%).

300.2
298.3
296.5
294.6

292.7
(K]

300.2

299.4
298.7
297.9

297.2
296.5
295.7
‘J 295.0
2942
293.5

292.7
(K]

Figure 10. CFD simulation effects for candidate point: (a) temperature distribution inside the cavity;
(b) temperature distribution at the height of 6 mm; (c) airflow velocity distribution at the height of
6 mm.

However, it should also be noted that the optimization results are based on a simplified
simulation model, and there are several assumptions and hypothesis as follows:

*  The optimization is performed under the conditions of a fixed cold-side substrate
temperature, inlet airflow temperature and inlet airflow velocity (see Table 1).
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*  Additional thermal effects, such as air density variation, radiant heat transfer, phase
change heat transfer, etc., are neglected.

*  The cavity of the simulation model is completely enclosed. However, the actual
assembled model inevitably has the phenomenon of air leakage, which leads to the
error of the airflow velocity.

Considering the above factors, we designed a set of experiments based on the simula-
tion results to verify the optimization performance.

5. Experimental Tests
5.1. Testing Platform for the TECU

To test the structural optimization effect, the corresponding experimental platform
was built. The TECU was housed in a 3D-printed plastic casing as introduced in Section 2.
The detailed packaging structure consisted of the air inlet part, the main body part and
the the air outlet part. The physical TECU casing and the overall testing platform are
shown in Figure 11 (the TECU casing is marked with a 6). In this physical picture, a
microblower (WM7040, China) generates the forced airflow to the TECU. A low-power
cooling fan (DELTA AFB0412SHB, China) was used for the hot-side heat dissipation.
The input voltage for the TEM (TEC-12710, China) and the inlet airflow velocity could
be adjusted by the Arduino-based control module. The outlet temperature and airflow
velocity were measured by an anemometer (HCJYET HT-8398, China). The accuracy of the
stemperature and velocity measurement were £1 °C and 1% + 1d (full scale), respectively.

1 DC power supply (+12V ,+24V)
2 Adjustable DC power supply

3 Y-shaped pipes

4 WIFI and control module

5 Micro blower and drive module
TECU

Temper ature sensor

® 9

Anemometer

Figure 11. Testing platform for the TECU.

According to the sensitivity analysis in Section 4, the number of rows and the fin
thickness of the heat sink have significant influence on the optimization effect. Based on
the analysis results and the chosen candidate point (N = 22, ¢ r=14mm, h =95 mm,
tp = 1.5 mm), five representative heat sinks were customized by a local mechanical process-
ing factory (shown in Figure 12). The fin height and the base thickness of the customized
heat sinks were set as & = 9.5 mm, t;, = 1.5 mm. Other parameters are given in Figure 12
where “Cu” means copper and “AL” means aluminum. It should be pointed out that the
aluminum heat sink was not used in the simulation. In this section, it was customized for
experimental comparison with the copper one. Figure 13a gives the simulation results of T
as a function of ¢y for different N (h = 9.5 mm, t, = 1.5 mm). In Figure 13a, the positions
of different parameters for four copper heat sinks are marked with @), @, @ and ©) as
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the sequence numbers shown in Figure 12. For verifying the optimization performance,
a set of experiments were conducted. Addressing the above five heat sinks, the TECU
outlet temperature variation curves were recorded by adjusting the cold-side temperature
of the TEM (shown in Figure 13b). For each heat sink, five different cold-side temperatures
(10°C,12°C, 14 °C, 16 °C and 18 °C) were set by adjusting the input voltage for the TEM.
The average of three measured outlet temperatures were recorded for each heat sink. In
Figure 13b, Texp represents the experimental outlet airflow temperature. TC,eXp represents
the cold-side temperature of the TEM (measured on the cold-side ceramic substrate).

Cu N=20 Cu N=20
tr=0.8mm ty=1.5mm

AL N=22 Cu N=22 Cu N=22
tf=1.15mm tf=1.15mm tf=1.4mm

Figure 12. Five customized heat sinks.

298 - - . . . .

Figure 13. Cont.
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c-exp
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Figure 13. Variations of outlet temperature: (a) simulation results of outlet temperature as a function
of t7 for different N (the cold-side temperature of the TEM is fixed to 12 °C); (b) experiment results of
outlet temperature for different cold-side temperatures of the TEM.

5.2. Experimental Results

From the experiment’s results (Figure 13b), corresponding to the five cold-side tem-
peratures, the outlet temperatures with the No. 2 heat sink (N = 20, t; = 1.5 mm, Cu)
are lowest, outlet temperatures with the No. 1 heat sink (N = 20, ¢ =08 mm, Cu) are
highest. The outlet temperatures with the No. 5 heat sink (N =22, ¢ = 1.4 mm, Cu) are
higher than those with the No. 4 heat sink (N = 22, tr = 1.15 mm, Cu). According to
these experimental results, it is seen that the performance ranking of the four customized
heat sinks is consistent with the simulation results (Figure 13a), which demonstrates the
effectiveness of the optimization simulation. From the result of the material comparison,
the copper heat sink (No. 4) has a better heat exchange effect compared with the aluminum
heat sink (No. 3).

The simulation accuracy is also investigated here. The cold-side temperature of the
TEM is set to be consistent with the simulation condition (12 °C, see Table 1). Taking the
No. 5 heat sink as an example, the resulting outlet temperature is measured at 22.1 °C. The
absolute error is 1.3 °C compared with the simulation results (20.8 °C, see Figure 13a). For
the four copper heat sinks, the maximum temperature error between experimental and
simulation results is 2.4 °C. The average one is 1.8 °C.

Similarly, the inlet airflow velocity is adjusted to be 15m/s, consistent with the simula-
tion condition (see Table 1). This fixed velocity is measured by the same anemometer as
the outlet velocity. In addition, taking the No. 5 heat sink as an example, the outlet airflow
velocity is measured at 12.8 m/s (average value of three dependent measurements). The
absolute error is 3.6 m/s compared with the simulation result of 16.4 m/s. The relatively
large error on airflow velocity can be mainly attributed to the following reason: the cold
side of the TECU is in a fully enclosed package in the simulation. However, the experi-
mental TECU is assembled with three 3D-printed parts that have air leakage. Moreover,
there may be other reasons responsible for the above large error, such as the assumption of
constant air density in the simulation and the measurement error of airflow velocity in the
experiment.

6. Conclusions

This paper studies the structural optimization of the cold-side plate-fin heat sink for
the TECU used in a PCS. Firstly, the heat transfer structure design is summarized as a
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multiobjective optimization problem. In this problem, four structural parameters of a cold-
side heat sink are selected as the optimization variables, and the minimization of a TECU’s
outlet temperature and the maximization of outlet velocity are chosen as the optimization
objectives. Then, based on the establishment of the cold-side CFD model with the aid of
ANSYS software, a MOGA is used to optimize the structural parameters. Simulation results
verify that the structural optimization can effectively reduce the outlet temperature and
guarantee the outlet airflow velocity. In addition, sensitivity analysis shows that the number
of rows and fin thickness have significant influence on the optimization objectives. Finally,
experimental tests are carried out to demonstrate the effectiveness and applicability of the
proposed structural optimization method. From the simulation results, the TECU’s average
outlet temperature with optimized heat sink decreases about 1.0 °C (4.7%), and the outlet
velocity increases about 0.8 m/s (5.1%) compared with the unoptimized one. Experimental
results on the outlet temperature of four customized heat sinks are consistent with the
simulation results (average value: 20.3 °C). The maximum and average temperature errors
between experiment and simulation are 2.4 °C and 1.8 °C, respectively. In our future
work, the air-tightness of the TECU will be further improved to reduce the outlet airflow
velocity loss. The TECU-based PCS will be constructed and its performance will also be
investigated.
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Nomenclature

ASHRAE  American society of heating, refrigerating and air-conditioning engineers
TEM thermoelectric module

TECU thermoelectric conversion unit
CFD computational fluid dynamics
PCS personal comfort system

MOGA multiobjective genetic algorithm
HVAC heating, ventilation and air-conditioning
cor coefficient of performance

COPc coefficient of cooling performance
Qc heat absorbed on the cold side, W
Qp heat released on the hot side, W

I electric current, A

T cold-side temperature, K

Ty hot-side temperature, K

o seebeck coefficient

R electric resistance, )

K thermal conductance, W/m-K
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P input power, W
T average outlet temperature, K
Vv average outlet airflow velocity, m/s
w width of heat sink, mm
L length of heat sink, mm
N number of fin rows
tp thickness of base, mm
tr thickness of fin, mm
h height of fin, mm
s spacing between fins, mm
¢ generic variable
Ty diffusion coefficient
Sy generalized source term
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