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In this paper, the theoretical analysis and simulating calculation were conducted for a basic two-stage semiconduc-

tor thermoelectric module, which contains one thermocouple in the second stage and several thermocouples in the first

stage. The study focused on the configuration of the two-stage semiconductor thermoelectric cooler, especially investi-

gating the influences of some parameters, such as the current I; of the first stage, the area A; of every thermocouple

and the number n of thermocouples in the first stage, on the cooling performance of the module. The obtained results

of analysis indicate that changing the current I; of the first stage, the area A; of thermocouples and the number n

of thermocouples in the first stage can improve the cooling performance of the module. These results can be used to

optimize the configuration of the two-stage semiconductor thermoelectric module and provide guides for the design and

application of thermoelectric cooler.
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1. Introduction

As miniature cooling devices, the semiconduc-
tor thermoelectric refrigeration has the advantages of
compact structure, high reliability, no vibration and
direct electric energy conversion. It plays more and
more important roles in many fields: ranging from
superconductor applications, aerospace applications,
electronic devices and food storage.l! However, com-
paring with other refrigeration modes, we find that
the poor coefficient of performance and the small cool-
ing capacity are main obstacle for the semiconductor
thermoelectric refrigeration. Recently, the research on
improving the performance of semiconductor thermo-
electric refrigeration has been developed continuously.

In semiconductor thermoelectric refrigeration,
there are many factors influencing the performance of
refrigeration, such as the thermoelectric materials—©!
and size of thermocouples, the junction temperature
difference and the electrical current etc. Therefore,
a method of optimizing the performance of refrigera-
tion by studying the relations between those factors
has been used widely. Vikhor and Anatychuk(”) used
optimal control theory to develop a precise technique

for a computerized design of segmented thermoelec-
tric coolers, and obtained the optimal parameter val-
ues of BiTe-based materials for thermoelectric coolers
with single-, double- and three-segmented legs. Cheng
and Shih[®! presented a method based on genetic algo-
rithm to maximize the cooling capacity and the coeffi-
cient of performance for two-stage thermoelectric cool-
ers. Throughout the calculation in genetic algorithm,
the optimization was executed to generate the opti-
mal parameters for a desired temperature difference
of 90°C. Based on non-equilibrium thermodynamics,
Chen et all) established the cycle models of a single-
stage and a two-stage semiconductor thermoelectric
refrigeration system. The internal structure parame-
ter of the thermoelectric device is optimized, and the
reasonable ranges of some parameters are determined.
Luo et all'® applied the theory of finite time ther-
modynamics to analyse and optimize the performance
of a thermoelectric refrigerator, which is composed of
multi-elements. The allocation of heat transfer sur-
face area of a multi-element thermoelectric refrigera-
tor was obtained for maximizing the cooling load and
coefficient of performance in their study. Yu et all'!]
developed a module of two-stage thermoelectric cooler
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and studied the influences of the allocation of the junc-
tion temperature difference in the module, the length
of thermocouples and the number of thermocouples on
the cooling performance of the module.

Two-stage semiconductor thermoelectric modules
are often used for extending operating temperature
range of the semiconductor thermoelectric refrigera-
tion. The performance of the coolers depends not only
on the physical properties of the thermocouples, but
also on the configuration of two-stage thermoelectric
coolers, such as the current of the first stage, the area
of thermocouples and the number of thermocouples.

However, the previous work'!] emphasized more on

the effect of the length of thermocouples, the effect of
the area of thermocouples was not considered deeply.
In this paper, the optimum configuration of a basic
two-stage semiconductor thermoelectric module was
studied by investigating the current of the first stage,
the area of thermocouples and the number of thermo-
couples. By analysing the effect of those parameters
on the cooling performance, the optimum performance
relations was obtained. The results may provide some
guidance for the design and application of practical
thermoelectric cooler.

We use the following symbols throughout this pa-
per.

Table 1. Symbols used in this paper.

Symbol Nomenclature

electrical current (A)

thermal conductance of a thermocouple (W/K)

the length of thermocouples (cm)

electrical resistance of a thermocouple (€2)

I
K
A cross-sectional area of every thermocouple (cm?)
L
R
n

the number of thermocouples in the first stage

qc heat flow rate of a thermocouple at the cold junctions (W)

qn heat flow rate of a thermocouple at the hot junctions (W)

Qc  cooling capacity of the semiconductor thermoelectric module (W)

Qn  rejected heat flow of the thermoelectric module (W)

Seebeck coefficient (V/K)

a
P electric resistivity (Qcm)
A

thermal conductivity (W/K cm)

coefficient of performance
the first stage
the second stage

p-type semiconductor

B 0 N = 0

n-type semiconductor

2. The two-stage semiconductor

thermoelectric refrigeration

Currently, the one-stage semiconductor thermo-
electric module is composed of a large number of ther-
mocouples connected electrically in series and ther-
mally in parallel. A thermocouple is made of a p-
and a n-type semiconductor. A two-stage semicon-
ductor thermoelectric module is stacked by one group
of thermocouples on the top of the other, which is con-
nected thermally in series. In an actual operation, the

working electric currents for them are in series or in

parallel. Two types of two-stage thermoelectric cool-
ers are both used in semiconductor thermoelectric re-
frigeration, and the types with separate electrical cur-
rents may have the best performance.l'? Therefore,
the type of two-stage thermoelectric cooler with sep-
arate working electrical currents was selected as the
model in this study. For simplicity, there is only one
thermocouple in the second stage, but several thermo-
couples in the first stage for this module, as shown in
Fig.1. In addition, a piece of thermally conductive but
electrically insulating ceramic plate is placed between
the first stage and the second stage.
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Fig.1. Schematic diagram of the semiconductor thermo-
electric module.

For the first stage thermocouple, the pumped heat
rates at the cold side and rejected heat rates at the
hot side can be written respectively as

1
Gc1 = Ozlfchl - Kl(Thl - Tcl) - §R1]127 (1)

1
gn1 = a1 1Ty — Ki(Thy — Ta) + R 17, (2)

2
where

2XM A
Kl = ll 1) (3)

1

2p1ly
= . 4
Ry e (4)

Similarly, for one thermocouple in the second
stage, it has

1
Gea = a2loTeo — Ko(Tho — Te2) — = Ro13,  (5)

2
qn2 = aalaTho — Ko(Tha — Tea) + %Rﬂg- (6)
Where
Ky = 2252, (7
Ry = 222;2. (8)

The conventional analysis method for thermoelec-
tric module is also used in this study, which usually
does not take the effect of the thermal and contact
resistances of ceramic plate into consideration. In
addition, we assume that a better thermal insula-
Therefore, the
thermal resistance between two stages and heat loss

tion is taken for the whole module.

for the whole two-stage thermoelectric module is ne-
glected. There are following heat balance equations in
the module:

Tho = Tea, 9)
gh2 = Ngc1. (10)

Based on the above heat balance equations, we
find that the cooling capacity at the cold side and the
rejected heat rate at the hot side of the whole two-
stage thermoelectric cooler are respectively as

Qc == QCQ
1
= aslyTeo — Ko(Tho — Te2) — 532[227 (11)

1
Qun =n <a1I1Th1 —Ki(Thi —Ta) + 231-712> .
(12)

The coefficient of performance of two-stage ther-
moelectric module is thus defined as

Qe 1
7Qh_QciQh/Qc_1'

£ (13)

It is well known that in the second stage the mod-
ule exists an optimum electrical current corresponding
to the maximum cooling capacity of the semiconduc-
tor thermoelectric module. The optimal parameters
at the maximum cooling capacity can be derived from
Eq.(11), which is written as

T
I2c max — OZZR;Q . (14)

3. Simulation results and discus-
sion

In the calculation, the semiconductor thermoelec-
tric properties of thermocouples of each stage are

X

set as: Seebeck coefficient o = |ap| + |an| = 2
1.8 x 107*V/K; thermal conductivity \p = Ay =
1.4 x 1072 W/Kcem; electrical resistivity pp = pn =
7.7 x 1074 Qem.

From the above module, we can see that the
temperature, the junction temperature difference, the
electrical current, and the number of thermocouples
in the first stage and the size of thermocouples all in-
fluence the coefficient of performance. Therefore, in
the following analysis, more emphasis is laid on the
impacts caused by the current of the first stage, the
area of every thermocouple and the number of ther-
mocouples in the first stage. For this purpose, some
parameters of semiconductor thermoelectric module
are determined to be T., = 248K, Ty; = 308K,
Ay = 0.1cm?, I = 0.5cm. In addition, the electri-
cal current I of the second stage is applied to the
optimal value Ioc pax.
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3.1. Effect of the current of the first
stage

In two-stage semiconductor thermoelectric mod-
ule, the current I; of the first stage is a main factor
that affects the coefficient of performance when the
current I5 of the second stage is fixed.

Figure 2 shows the effect of I; and the number n
of couples in the first stage on the coefficient of per-
formance €. In the figure, we can see that when n is a
constant, the & decreases with the increase of I;. This
results from the change of the rate n = Qn/Q.. Figure
3 shows the variation of n with I; when taking n =4
as an example. Therefore, the € can be improved by
decreasing I, properly. However, the decrease of I; is
limited. This is because when I is very low the heat
balance between two stages could not be met.

0.14

0.12

0.08

0.06

/A

Fig.2. The coefficient of performance versus the current
and the number of thermocouples in the first stage.

I/A

Fig.3. The rate n versus the current and the number of
thermocouples in the first stage.

In addition, it is also shown in Fig.2 that increas-
ing n will decrease €. This results from that an in-
crease in n causes the increase of 7. This leads to the
decrease of €. The relationship among 7, I; and n is
shown in Fig.3. From Fig.3 we also get the result that
the cooling capacity increases with the increase of the
number n when I; keeps constant.

3.2. Effect of the area of every thermo-
couple

In semiconductor thermoelectric cooler, the area
of every thermocouple not only influences the per-
formance of refrigeration but also has a direct effect
on cost. Especially for multi-stage refrigeration, the
proper choice of the area of every thermocouple can
effectively improve the performance of refrigeration.
The original research on the area of every thermocou-
ple was carried out in this paragraph. We assume that
the area A; of every thermocouple is independent of
the number n.

The following results are obtained when I; is
I, =15A, Ly is Ly = 0.4cm and A; is variable. Fig-
ure 4 shows the effect of A; and n on e. When n is
given a value, we can see from Fig.4 that the coef-
ficient of performance increases with the increase of
A;. This derives from the fact that the increase of A;
causes the decrease of 7, which is shown in Fig.5.

0.13 |
0.12
0.11} o
H#‘
L A
r’J‘ _.4-"'--
0.10 / et
o e
0.09 | o
-""/ o n=3
,J' i -4
0.08 | "r.- - [ n =
i --=-=-mn=25
0.07}f 7
- L 1 1 1 I 1 1 ]
0.1 0.2 0.3 0.4 0.5
A1 /cm?

Fig.4. The coefficient of performance versus the area and
the number of thermocouples in the first stage.

In addition we also get from Fig.4 that ¢ will de-
crease when n increases, because the increase of n
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causes the increase of n (Fig.5). Meanwhile Fig.5 tells
that the cooling capacity increases with the decrease
of the area A; when the current I; is a constant.

A1 /cm?

Fig.5. The rate n versus the area and the number of ther-
mocouples in the first stage.

3.3. Optimum configuration

Based on the above analysis, we know that n, Iy
and A; all have influences on the ¢, and those param-
eters are correlative. Therefore, the synthetical effect
of n, I; and A; on € should be considered for the op-
timum configuration of the two-stage thermoelectric
cooler, which is shown in Fig.6. In Fig.6, the three
curves of A; = 0.2cm?, n = 3; A; = 0.3cm? , n = 3,
and A7 = 0.3cm?, n = 5 are taken as examples for
the analysis.

Comparing the curve of A; = 0.2cm?, n = 3 with
the curve of 4; = 0.3cm? , n = 3 in Fig.6, we can
see clearly that the coefficient of performance of the
former curve is smaller than that of the latter curve
with a certain I; while keeping a steady cooling capac-
ity. If keeping € a constant, comparing the curve of
A; = 0.3cm?, n = 3 with the curve of A; = 0.3cm?,
n = 5, we can find that the corresponding I; of the
former curve is bigger than that of the latter curve.
This indicates that the cooling capacity of the former
curve is larger than that of the latter curve on this
occasion. Therefore, the increase of A; and the re-
duction of n can raise the coefficient of performance

and decrease the cooling capacity.

A1 =02,n=3

0.14F

0.08

0.06 I

/A

Fig.6. Variation of ¢ with I; for some given A; and n.

4. Conclusions

Based on theory of non-equilibrium thermody-
namics, this paper established a two-stage semicon-
ductor thermoelectric module, performed theoretical
analysis and numerical simulation, and laid more em-
phasis on the influences of the current I; of the first
stage, the area Ay of every thermocouple and the num-
ber n of thermocouples in the first stage on the cooling
performance of the cooler. We can get the conclusion:
for a fixed current I of the first stage, the increase of
the area Ay of every thermocouple and decrease of the
number n of thermocouples in the first stage can im-
prove the coefficient of performance and decrease the
cooling capacity of the semiconductor thermoelectric
cooler.

Therefore, those parameters such as the area A;
and number n of the thermocouples should be consid-
ered synthetically in the optimum configuration of the
two-stage semiconductor thermoelectric module. We
should compute the optimal dimensions of the cooler
to maximize its coefficient of performance, while ful-
filling the cooling capacity requirements. Meanwhile
it is expected that the results from the present study
provide a guideline for the design and application of
practical thermoelectric cooler and the development
of thermoelectric materials.
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