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ARTICLE INFO ABSTRACT

The demand of compactness and light-weight for thermoelectric applications requires optimized system in-
tegration of thermoelectric module and heat sinks to achieve the best performance under size and weight
constraints. This work studies the thermal resistance matching (i.e., optimal thermal resistance allocation of
thermoelectric module and heat sinks) for real thermoelectric cooling systems via an integrated theoretical and
experimental method. A theoretical model is first developed to study the relationship of thermal resistance
allocation and the system cooling power under different operating currents. Modeling results indicate that the
optimal thermal resistance of thermoelectric module should account for 40-70% of the total thermal resistance.
The effectiveness of thermal resistance matching is then demonstrated in the selection of an optimal thermo-
electric module among 73 off-the-shelf modules to develop a portable thermoelectric cooling system. By com-
paring the cooling performance of two thermoelectric cooling systems with and without thermal resistance
matching, it is experimentally demonstrated that the system with thermal resistance matching achieved
10.7-19.8% larger cooling power under the same size and weight constraints. This can be used as a guideline for
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optimal design of thermoelectric cooling systems.

1. Introduction

Solid-state thermoelectric energy conversion technology that di-
rectly converts thermal energy into electric power and vice versa [1]
possesses many advantages such as reliability, durability and without
environment-unfriendly working fluids [2]. Due to the outstanding
merits of compact size, light weight, and fast response, thermoelectric
energy conversion is widely used in small and portable systems such as
hotspot cooling for electronics [3], laser diode cooling [4], automotive
air-conditioner [5], medical applications [6,7] and thermoregulatory
clothing system for personal thermal management [8]. However, there
is a major disadvantage of thermoelectric energy conversion system,
i.e., the low conversion efficiency due to low figure-of-merit of ther-
moelectric materials [9].

Efforts in improving thermoelectric material performance can po-
tentially lead to the wide-spread application of thermoelectrics [10].
Practical use of thermoelectrics requires addressing challenges not only
in the material and module levels, but also in the system level. It has
been shown that the system performance is usually much worse than
the projected module performance using the intrinsic material proper-
ties due to the dependence of the system performance on other
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components such as heat sinks and thermal interface materials [11].
Thus, for a typical thermoelectric system with hot and cold side heat
sinks mounted on the thermoelectric module, the system-level design
and optimization is of great importance.

Studies on improving the performance of thermoelectric energy
conversion systems have been conducted through theoretical, numer-
ical and experimental methods, or a combination, which generally can
be categorized into several groups including optimizing heat sinks,
optimizing thermoelectric modules and optimizing the integrated
system of thermoelectric module and heat sinks. Theoretical analysis
has shown that the finite heat transfer rates of heat sinks have sig-
nificant influence on the maximum cooling performance of a thermo-
electric system [12], and the hot side heat sink has a greater impact on
system cooling performance than the cold side [13]. Many efforts have
thus been devoted to improving the heat transfer performance of heat
sinks including utilizing air-cooled heat sinks with various shapes [14],
phase change material-integrated heat sinks [15], thermosyphon heat
sinks [16], water jet cooled heat sinks [17] and mini-channel heat sinks
[18]. Many earlier studies also focused on the optimization of geo-
metric structures of thermoelectric modules to enhance the cooling
capacity. Influence of geometry parameters of thermoelectric elements
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Nomenclature
I electric current, A
r non-dimensional electric current, I' = argl/Krg

Lnax maximum electric current, A

Krg thermal conductance of thermoelectric module, W/K

K non-dimensional thermal conductance of thermoelectric
module, K* = Ry,/Kg !

Puower  €lectric power input for blower, W

Ppan electric power input for fan, W

P;, total power input for thermoelectric cooling system, W

Pig power input for thermoelectric module, W

Q. cooling rate, W

Qc,max maximum cooling power for a thermoelectric module, W

Qn heat dissipation rate, W

Q" non-dimensional cooling rate, Q. = Q. Rj,/T..

Q" non-dimensional heat dissipation rate, Q" = Q, Rp/T-.

R, thermal resistance of cold side heat sink, K/W

Rn thermal resistance of hot side heat sink, K/W

Riotal total thermal resistance of thermoelectric module, hot &
cold side heat sinks, K/W

Rrg internal electric resistance of a thermoelectric module, Q

R’ non-dimensional thermal resistance of heat sinks,

R* = Ry/R.

T. cold side temperature of thermoelectric module, K

T.* non-dimensional cold side temperature of thermoelectric
module, T, = T./T..

Th hot side temperature of thermoelectric module, K

Ty non-dimensional hot side temperature of thermoelectric
module, T}," = T,/T..

Te,out outlet temperature of air in the cold side channel, K

T. ambient temperature, K

ZT figure-of-merit, ZT = argT/Rre K1e

Greek symbols

arg Seebeck coefficient, V/K

AT max maximum temperature difference of a thermoelectric
module, K

Subscripts

c cold side

h hot side

max maximal

n n-type thermoelectric material

opt optimal

p p-type thermoelectric material

on the cooling capacity and the cost benefit has been studied based on
analytical method [19,20], genetic algorithm method [21,22] and
conjugate-gradient method [23]. Scale effect in terms of different
module sizes from bulk module, miniature module to micro module on
maximum cooling power was studied by Shen et al. [24]. Novel ther-
moelectric leg shapes such as cylindrical legs [25] and pyramidal legs
[26] are also investigated to improve thermoelectric performance.

In addition to the aforementioned studies on improving perfor-
mances of heat sinks and thermoelectric modules, there also exist some
studies on improving the performance of integrated thermoelectric and
heat sink systems. Zhu et al. investigated the optimal size [27] and
configuration [28] of hot and cold side heat sinks for thermoelectric
cooling systems based on the entropy generation analysis. Zhou et al.
[29] and Luo et al. [30] theoretically analyzed the thermal conductance
allocation of hot and cold side heat sinks for maximum cooling power
under the constraint of a constant total thermal conductance. Lee [31]
investigated the optimal ratio of thermal resistance of the hot side heat
sink and the thermoelectric module for a thermoelectric power gen-
eration system and thermoelectric cooling system assuming that the
thermal resistances of hot and cold side heat sinks are the same. Snyder
[32] theoretically studied the thermal resistance matching of the heat
sinks and the thermoelectric module for a power generation system.
The results show that the maximum power output can be achieved
when the thermal resistance of the thermoelectric module is equal to
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the sum of the thermal resistances of the heat sinks at both ends.
Apertet et al. [33] found a bell shape relationship of the power output
and the thermal conductance of the thermoelectric module under a
fixed total thermal conductance of hot side and cold side heat sinks,
which indicated that the optimal thermal conductance of thermo-
electric module is about equal to the total thermal conductance of the
hot side and cold side heat sinks. A higher figure-of-merit of the ther-
moelectric material does not guarantee a higher power generation
without considering the thermal resistance matching. Further analysis
by Yazawa et al. [34] found that the maximum output power occurs
when the temperature difference across thermoelectric module is ex-
actly half of the total temperature difference across the hot and cold
side heat reservoirs when thermal resistances of hot and cold side heat
sinks are equal. This idea of thermal resistance matching between the
internal thermal resistance of thermoelectric module and the external
thermal resistance of heat sinks have been used to guide several later
works on the optimization of power output and cost benefits [35-37]
for thermoelectric power generation applications.

Similarly, for a thermoelectric cooling system, the performance is
not only determined by the thermoelectric modules, but also by the
thermal resistance of the hot and the cold side heat sinks. From the
above literature review, it can be clearly seen that the thermal re-
sistance matching, i.e., optimal thermal resistance allocation, is parti-
cularly important for thermoelectric energy conversion systems. Even
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Fig. 1. A thermoelectric cooling system comprises of hot and cold side heat sinks and the thermoelectric module (a) schematic diagram (b) thermal resistance

network.
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though the wide range of studies on innovative thermoelectric mate-
rials, optimization of thermoelectric legs and heat sinks, as well as load
matching, can potentially allow full optimization of thermoelectric
energy conversion systems, the existing literature lacks guidance for the
development of real thermoelectric cooling systems from the perspec-
tive of thermal resistance matching by using off-the-shelf thermo-
electric modules. This work aims to study the thermal resistance
matching of thermoelectric module and heat sinks for a real thermo-
electric cooling system via an integrated theoretical and experimental
method. A theoretical model is developed first to study the relationship
of the thermal resistance allocation of thermoelectric module and heat
sinks with the system cooling power. By utilizing the module-level
physical parameters extracted from the datasheet of thermoelectric
modules, the effectiveness of thermal resistance matching is then de-
monstrated in the selection of an optimal thermoelectric module among
73 off-the-shelf products to develop a portable thermoelectric cooling
system. The improvement of cooling performance is experimentally
demonstrated by comparing the performance of two thermoelectric
cooling systems with and without optimal thermal resistance allocation.

2. Theoretical model

Fig. 1(a) shows the schematic diagram of a thermoelectric cooling
system where two heat sinks are mounted on the hot and cold side of a
thermoelectric module. The thermoelectric module is comprised of tens
to hundreds of p-n thermocouples connected thermally in parallel and
electrically in series where the thermocouples are usually protected by
electrically insulated ceramic (covering) substrates. The associated
thermal resistance network is shown in Fig. 1(b). Here the thermal
resistances of the hot and cold side heat sinks are lumped as R}, and R,
respectively. The reciprocal of module-level thermal conductance of
thermoelectric module, 1/Krg, is the overall thermal resistance of the
thermoelectric module including the thermal resistances of the ther-
moelectric legs, ceramic plates and copper electrode. We note here that
the inclusion of parasitic thermal resistances in 1/Krg simplifies the
calculation so that there is no need to look into the detailed structure of
each thermoelectric module. However, we caution that this method is
effective only when the parasitic thermal resistance is small. When
operating at an ambient temperature of T.., the hot and cold side in-
terface temperatures between the ceramic substrates and heat sink
bases, Ty, and T, are determined by the performance of heat sinks and
the thermoelectric module. Note that the temperature difference (T}, -
T.) shown in Fig. 1(b) depends on both thermal resistance (1/Krg) of
the thermoelectric module and the applied electrical current (I).

For convenience, the dimensionless numbers are defined and used
in the theoretical model including: the non-dimensional heat release
from the hot side Qf = Qu-Ry/ T, the non-dimensional heat absorption
at the cold side Q} = Q.-R,/T, the non-dimensional electric current
I* = oarp-1/Kyg, where [ is the operating current applied to the thermo-
electric module, the non-dimensional hot side temperature defined as
Ty = Ty/ Ty, the non-dimensional cold side temperature T = T,/ T, the
non-dimensional ambient temperature T, = 1, the ratio of the lumped
thermal resistance of the hot side and cold side heat sinks R* = R,/R.,
the ratio of thermal resistances of hot side heat sink and the thermo-
electric module K* = Ry/(1/Krg). The thermoelectric figure-of-merit is
ZT = arg Too/(Rre Krp), Where arg, Rrg and Krg are the module-level
Seebeck coefficient, electric resistance, and thermal conductance of the
thermoelectric module, respectively. The present model investigates the
thermoelectric cooling systems by using non-dimensional parameters,
which enables a clear relationship between the maximum cooling
power and a variety of thermal resistance allocations. A general
guideline of the optimal thermal resistance allocation that gives max-
imum cooling power can be obtained and will be discussed in details in
Section 4.1.

The non-dimensional heat release from the hot side of a thermo-
electric module can be written as:
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11°K*
Qp nt oo

o

—K*(Th—T¢) o

The Q" can also be written as the heat dissipation process through
hot side heat sink:

Qy = Ty-1 2

The non-dimensional heat absorption from the cold side of ther-
moelectric module is:
1 I"?K*

* = KATF——
Q <y 7T

—K*(T-T¢) @

Similarly, the Q.* can also be written as the heat absorption process
through cold side:
Q¢ = R(TG-T7) @

Solving Egs. (1)-(4) for Q. by eliminating the non-dimensional
temperatures T," and T.*, we obtain:

o = 2K*ZT, + I2K* + 2I°K*—IK* + 2R*ZT, + 2K*R* ZTo—2I*K*R* Z Ty,
¢ 22T (K* + R*—I*K** + [*K* + K*R*~I*K*R*)

()

According to Eq. (5), there are four non-dimensional parameters: I,
ZT.., K*, and R". Since the objective of this work is to match thermal
resistance of thermoelectric module and thermal resistances of heat
sinks, the optimal thermal resistance allocation is calculated by finding

a Kope which satisfies:
3Q;/0K* =0 6)

The optimal electric current, I3, to maximize cooling power can be
found by solving:

0Q¢/or* =0 7
Thus, the optimal thermal conductance K5y under optimal current
I, are given by Egs. (8) and (9), respectively:
(2I* K*'~K* + R*K*)-(2K*-ZT, + 2R*-ZT + I**K* + 2I"K*’
K% 4 2K*R*ZTe—2I"K*R*ZT,,)
27T, (K* + R*=T2K* + I'K* + K*R*—I*K*R*)?
312K 4 41*K* + 2I'°K*—2R°K*ZT,
22T (K* + R—I"K* + 'K* + K*R*—['K*R*)

(8

(I* + R*=2I"K*~I"R* + 1)-(2K*ZTy, + 2R*ZT, + I¥K*
+ 27K —I"K* 4 2K*R*ZTy—2I°K*R*ZT,,)
27T, (K* + R*=I"K* + I"K* + K*R*—I*K*R*)?
22T + 2R'ZTy, + AIPK*—20"K* + [?—2I'R'ZT;, _ 0
2ZTo(K* + R—IK* + I'K* + K*R*—I*K*R*)

)]

By solving Egs. (8), (9), the optimal variables, K5, and I, can be
obtained for maximum non-dimensional cooling power, Q¢ max, With
respect to R* and ZT... The solution for K, and I, are numerically
solved as implemented in this work and presented in Section 4.1.

3. Module-level property extraction

Most theoretical analysis on thermoelectric energy conversion sys-
tems uses physical properties of the p- and n-type thermoelectric ma-
terials and the detailed geometrical parameters (leg length, leg cross
sectional area and total number of p-n thermocouples etc.) to model the
performance. However, for the development of thermoelectric cooling
systems using off-the-shelf thermoelectric modules, properties of com-
ponent materials including the thermoelectric materials, solder,
ceramic plates, and the detailed geometry of the module such as ther-
moelectric leg size and solder layer thickness are not available [38]. It is
thus important to design cooling systems with module-level physical
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properties which can be extracted using the data sheets from vendors.

Sim et al. [39] provided a method to individually extract the
properties of parasitic components (ceramic plates and copper electric)
and the properties of the thermoelectric materials based on vendors’
datasheets. However, in order to conveniently evaluate and compare a
variety of different off-the-shelf thermoelectric modules for system
design, lumped module-level physical parameters are employed to
quantify the thermoelectric modules regardless of the properties of
component materials and the detailed internal geometry of the mod-
ules. In this work, we employ an analytical method to obtain the
module-level physical properties following Ref. [40]. Table 1 sum-
marizes the extraction of the effective module-level physical properties
from vendor’s datasheets for off-the-shelf thermoelectric modules in-
cluding the external dimensions (module length, width and height) as
well as cooling performance data ATmax, Qcmax and Imax under con-
trolled hot side temperature Ty, It should be noted that if the parasitic
thermal resistance of the non-active parts of the thermoelectric module,
such as the ceramic plates, is significant compared to that of the heat
sinks and thermoelectric legs, the analytical method proposed by Sim
et al. [39] that can individually extract the properties of parasitic
components (ceramic plates and copper electric) should be employed.
Here, by using Sim’s method, we found that the parasitic thermal re-
sistance is only 0.4% - 5.8% compared to the thermal resistance of
thermoelectric legs for most of the conventional bulk thermoelectric
modules. For simplicity, we decided to include the parasitic resistance
in 1/Kyg for the modeling optimization as described in Section 2.

4. Results and discussion

Section 4.1 shows the relationship of thermal resistance allocation
of the thermoelectric module and heat sinks with the system cooling
power under different electric currents. Section 4.2 presents the effec-
tiveness of thermal resistance matching in selecting optimal off-the-
shelf thermoelectric modules based on their module-level physical
properties. Experimental demonstration of the cooling power im-
provement with thermal resistance matching is presented in Section
4.3.

4.1. Thermal resistance matching for maximum cooling power

As mentioned in Section 2, instead of analytically solving the dif-
ferential equations Egs. (8) and (9) for the optimal values of K, and
I5p, we calculate numerically the relationship of K*, I'" versus Q. to
obtain the maximal Q¢ max values. Here, I and K™ are varied from O to 1.
The input parameter of non-dimensional figure-of-merit is varied from
0.6 to 1.0 based on the state-of-the-art commercial thermoelectric
material Bi,Te; and the modules built thereof. The ratio of lumped
thermal resistance of hot and cold side heat sinks ranges within 0.1-10,
representing a range of diverse heat sink designs.

Fig. 2 shows the relationship between K*, I and Q." for several
representative cases. As expected, there clearly exists a peak value of
Q. when K" and I" are at their optimal values, Ky, and Iy, for various
R*. The various non-dimensional thermal resistance of heat sinks (ratio
of cold side and hot side thermal resistance of heat sinks), R, represents
diverse heat sink designs under certain constraints such as heat transfer
method, size and the weight of heat sinks. When K’y is determined
under a given R", the ratios of thermal resistance allocation of the three
components, i.e., thermoelectric module, hot side and cold side heat
sinks, can be obtained. As the total thermal resistance, Ry, iS the
summation of thermal resistance for the three components as
(1/Krg + Ry + R.), the thermal resistance allocation of the thermo-
electric module, (1/K7g)/Riotal, the hot side heat sink, Ry/Ro and the
cold side heat sink, R /Ry is derived by R*/(R* + K* + K*-R*)%,
K*R*/(R* + K* + K*R")% and K*/(R* + K* + K*-R*)%, respectively.

Fig. 3 shows the optimal thermal resistance allocations from the
numerical calculations. It can be seen that there is very little difference
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in the optimal thermal resistance allocation when non-dimensional
figure-of-merit is from 0.6, 0.8 to 1.0 under the same R*. This means
that the non-dimensional figure-of-merit has very little effect on K'op.
However, the thermal conductance of the thermoelectric module plays
an important role in addition to the thermoelectric material figure-of-
merit. Different from the thermoelectric figure-of-merit, where the
higher the better for thermoelectrics, the thermal conductance (or the
thermal resistance) of a thermoelectric module needs to be optimized
for given thermal resistances of the heat sinks. If the hot side or cold
side heat sink has a large thermal resistance, the thermoelectric module
should have small conductance (large thermal resistance) to keep a
decent temperature difference across the thermoelectric module. When
the hot and cold side heat sinks thermal resistances are small, the
thermoelectric module should have a larger conductance (small thermal
resistance) to enable a higher cooling power.

According to Fig. 3, the value of K’,, ranges from 0.16 to 0.56 when
R* changes from 0.1 to 10, which suggests that the optimal percentage
of thermal resistance of thermoelectric module should account for 40%
to 70% of the total thermal resistance in the system. When the hot side
thermal resistance is greater than that of the cold side (R, > R.), the
optimal thermal resistance of thermoelectric module should account for
60%-70% of the total thermal resistance of the system. When the hot
side thermal resistance of heat sink Ry, is equal to that of the cold side,
R, (symmetric heat sink design, R;, = R.), the corresponding optimal
percentage of thermal resistance of thermoelectric module should ac-
count for about 60% of the total thermal resistance in the system. And if
the hot side thermal resistance is smaller than that of the cold side
(Ryn < R.), the thermal resistance allocation of the thermoelectric
module should be reduced from 60% to 40% of the total thermal re-
sistance, which indicates that the thermoelectric module with lower
thermal resistance (larger thermal conductance) enables higher heat
flow and can be dissipated by a heat sink with better heat dissipation.
Since the effect of the hot side thermal resistance is greater than that of
the cold side, when the allocation percentage of hot side thermal re-
sistance gets smaller (R;,/R. decreases from 1 to 0.1), the cooling power
increases for a fixed thermoelectric module. To investigate the effec-
tiveness of the thermal resistance matching in a thermoelectric cooling
system using commercial off-the-shelf thermoelectric modules, 73
commercially available thermoelectric modules are evaluated and dis-
cussed in Section 4.2.

4.2. Evaluation for the off-the-shelf thermoelectric modules

The above non-dimensional analysis provides a general guideline
for thermal resistance matching (i.e., optimal thermal resistance of
thermoelectric module should account for 40-70% when the ratio of
heat sinks Ry/R. varies from 0.1 to 10). The performance of a ther-
moelectric cooling system can be readily evaluated by using this
thermal resistance matching guideline. In this Section, 73 commercially
available off-the-shelf thermoelectric modules are evaluated by uti-
lizing thermal resistance matching idea. Based on our recent work for

Table 1
Module-level physical properties extracted from vendor’s datasheets.

Module performance obtained from vendor’s datasheets
Maximum temperature gradient/°C  ATmax Maximum cooling power/W  Qcmax

maximum electric current/A Imax hot side temperature/°C Th

Module-level physical properties extracted from the vendor’s datasheets[38]

Seebeck coefficient/V-K ™! _ 5 Qc,max 1
aTg = 2 —_—
Imax Th— ATmax
Electric resistance/Q _ 5 Qcmax
Rrg = 227
Imax
Thermal conductance/K-W ™ & Qc,max
TE =
ATmax
Figure-of-merit based on hot side temperature ;. _ _27TnA%max
(Th = ATmax)?
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Fig. 3. Optimal thermal resistance allocation versus a variety of heat sink de-
signs (Rn/R. ranges from 0.1 to 10) with non-dimensional figure-of-merit values
(ranges from 0.6 to 1.0).
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developing thermoregulatory clothing using portable thermoelectric
cooling system, the hot and cold side thermal resistances of air-cooled
heat sinks vary within a reasonable range from 0.5 K/W to 2.0 K/W [8].

For room temperature cooling, a wide range of commercial off-the-shelf
thermoelectric modules made of bismuth telluride with diverse maximum
cooling power from tens to hundreds of watts are available. Here we
evaluate 73 off-the-shelf single-stage square shaped thermoelectric modules
from three vendors: Laird Technologies [41], CUI Inc. [42] and Marlow Inc.
[43]. Table 2 summarizes the nominal cooling capacity and thermal con-
ductance of commercially available Bi,Tes-based thermoelectric modules.
The module sizes are from 10 mm to 60 mm and the thickness is within
5mm. The module-level physical properties of the off-the-shelf thermo-
electric modules are calculated first according to the procedure described in
Section 3. According to Table 1, the relationship of module-level thermal
conductance and the module cooling capacity are plotted based on the
collected datasheets for these 73 off-the-shelf products. Since the maximum
temperature differences are within 65-74 °C, the relationship between Ky
and Q. max suggests an approximately linear relationship because the change
of the slope (1/ATax) is less than 10%, as shown in Fig. 4.

Fig. 5 shows the maximum cooling powers of the thermoelectric
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Table 2

Figure-of-merit, maximum temperature difference, cooling capacity and
thermal conductance of off-the-shelf thermoelectric modules with module sizes
within 10-60 mm. [41-43]

Module side length (mm) 10-15 20-25 30 40-45  50-60
Maximum temperature 65-74
difference (°C)
Module-level figure-of- 0.58-0.88
merit
Maximum cooling power 3.7-12 18-23 18-95 33-236 80-341
w)
Module-level thermal 0.05-0.2 0.13-0.42 0.26-1.4 0.5-3.5 1.2-5

conductance (W/K)

Vendor 1, series 1, Z7=0.88
Vendor 1, series 2, ZT=0.88
Vendor 1, series 2, ZT=0.82
Vendor 1, series 2, Z7=0.77
Vendor 1, series 3, ZT=0.75
Vendor 1, series 3, ZT=0.72
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Fig. 4. Relationship of module-level thermal conductance and cooling power
capacity of 73 commercial thermoelectric modules with various module-level
figure-of-merit values from 0.58 to 0.88.

modules under their optimal currents using various thermal resistances
of heat sinks. The reason that the parameters in x-axis and y-axis are
converted into real values is to find out the optimal K (i.e. the thermal
resistance matching modules) for thermoelectric cooling systems under
given values of Ry, and R.. It can be seen that under constant thermal
resistances of heat sinks (Rp, R.), the thermoelectric module with a
higher figure-of-merit provides a larger cooling power when the
thermal conductance is kept at the same. When the thermal con-
ductance of a thermoelectric module approaches the optimal value to
match the specific heat sinks with given Ry, and R,, the cooling power is
maximized. When the thermal conductance of a thermoelectric module
does not match to that of the heat sinks, the cooling power decreases
even with the increase of the figure-of-merit.

The optimal thermal conductance for a thermoelectric cooling system
also depends more on the hot side thermal resistance than on the cold side
thermal resistance. For example, by decreasing hot side thermal resistance,
Ry, from 2.0 K/W to 0.5 K/W with fixed cold side thermal resistance R. of
0.5K/W (shown in Fig. 5(a)), the thermal conductance of the optimal
thermoelectric module increase from 0.25 to 0.8 W/K. However, by de-
creasing cold side thermal resistance, R., from 2.0 K/W to 0.5K/W with
constant hot side thermal resistance Ry, as 0.5 K/W (shown in Fig. 5(a)-5(c)),
the thermal conductance of the optimal thermoelectric module only
changes within a small range from 0.4 to 0.5 W/K. The thermal resistance
matching of heat sinks and thermoelectric module also indicates the
matching between the heat transfer capability of heat sinks (especially the
hot side heat dissipation performance) and cooling power capacity of a
thermoelectric module.

The above analysis illustrates the importance of thermal resistance
matching for the optimal selection of commercial off-the-shelf ther-
moelectric modules. Since the state-of-the-art thermal conductance of
the off-the-shelf thermoelectric modules varies greatly from 0.05 W/K
to 5W/K, the thermal resistance matching should be considered
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Fig. 5. Maximum cooling power of 73 off-the-shelf thermoelectric modules
based on module-level physical properties (within 10-60 mm module side
length) at their optimum current with various thermal resistances of heat sinks.
(a) Maximum cooling power when Ry, varies from 0.5 K/W to 2.0 K/W with R,
equals 0.5 K/W. (b) Maximum cooling power when Ry, varies from 0.5 K/W to
2.0 K/W with R, equals 1.0 K/W. (c) Maximum cooling power when Ry, varies
from 0.5 K/W to 2.0 K/W with R, equals 2.0 K/W.

delicately in system design.

4.3. Experimental demonstration

In this Section, we experimentally demonstrate cooling performance
improvement when a portable thermoelectric cooling system is designed
with thermal resistance matching. Readers may refer to our previous work
[8] for the details on the portable thermoelectric cooling system developed
for thermoregulatory clothing application, as shown in Fig. 6. Here, a plate-
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fin heat sink is used for the cold side of the thermoelectric cooling system.
At the hot-side, a fan-heat sink is employed due to its compactness.

The hot and cold side heat sinks were designed through a weight
minimization method in our previous study [8]. The thermal resistances of
the cold and hot side heat sinks are 2 K/W and 1 K/W in this experiment,
respectively. The hot side thermal resistance is measured by experimental
tests and the cold side thermal resistance is provided by the heat sink
vendor [44]. In this study, the two heat sinks are kept, but a new ther-
moelectric module is selected through thermal resistance matching method
as articulated in the previous Sections. With the same size and weight
constraints, two thermoelectric cooling systems with and without optimal
thermal resistance allocation were built for comparison. The two thermo-
electric modules are selected according to Fig. 5 (curve of R. = 2K/W,
Ry = 1K/W) in Section 4.2: module #1 (Ktg1 = 1.05W/K, ZT = 0.88,
accounting for 23% of the total thermal resistance) and module #2 (K
152 = 0.5W/K, ZT = 0.88, accounting for 55.6% of the total thermal re-
sistance). It is worth noting that these two thermoelectric modules used for
comparison study are from the same series [41]: ZT4,12,F1,4040,TA,W6
(ZT = 0.88) and ZT8,12,F1,4040,TA\W6 (ZT = 0.88). Thus, the material
quality can be treated as the same and the only difference is K. According
to the thermal resistance matching analyzed in Fig. 3, the optimal thermal
resistance allocation for the thermoelectric module is around 58% under
heat sink thermal resistance ratio of R,/R. = 0.5. Thus, the system with
thermoelectric module #2 approaches to the optimal thermal resistance
allocation and is expected to have larger cooling power.

To demonstrate this, all tests with the two thermoelectric systems are
conducted under the same working conditions (e.g. the same blower and fan
operating voltage and current). An air flow meter (TSI 4040, accuracy is 2%
of reading) is used to measure the air flow rate at the outlet of the cold side.
K-type thermocouples (0.2 °C accuracy) are employed to measure cold side
air inlet and outlet temperatures. The temperature drop of the cold side air
and the net coefficient of performance of the thermoelectric systems are
obtained and compared. Here, the temperature drop of the cold side air is
calculated by AT = T..-T. oy The net coefficient of performance (COP,y)
which is defined as ratio of the cooling power (Q. = m.c,AT) and total
energy consumption including TE module (Pyg), blower (Pyjower) and fan
(Ptay) is calculated by CORyey = Qc/(Ppan + Pre + Ppiower)- The experimental
uncertainties of the cold side air temperature drop and the coefficient of
performance are 5% and 5.7%, respectively.

The cooling performances of the two thermoelectric cooling systems
are firstly compared under the same input electric currents, as shown in
Fig. 7(a). The temperature drop achieved by the system with thermo-
electric module #1 is lower than the one with thermoelectric module
#2 for a variety of electric currents. The optimal electric current is 2.8
A for thermoelectric module #1 and 2.2 A for thermoelectric module
#2. 5.7 °C of temperature drop at its optimum current (Iop.; = 2.8 A)
was achieved for the system with thermoelectric module #1 while
6.6 °C of temperature drop was achieved for the system with thermo-
electric module #2 at its optimum current (I op2 = 2.2 A), which is
16.8% larger than the system with thermoelectric module #1.

The cooling performances of the two thermoelectric cooling systems are

()

Blower enclosure

Thermoelectric and%heat sinks
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Fig. 7. Cooling performance comparison of the two thermoelectric systems
with module #1 and #2. (a) AT versus thermoelectric module operational
electric current. (b) AT and COP,, versus total input power.

also compared under the same input electric power (shown in Fig. 7(b)).
The energy consumption of the blower and the fan is 7.8 W and the energy
consumption of TE modules is determined by the operating current and
voltage. From Fig. 7(b), when the total input electric power is lower than
12W, the two thermoelectric systems have minor differences in terms of
cooling performance. When the input power increases, the temperature
drop achieved by the thermoelectric cooling system with module #2 gets
larger than that with module #1. To be more specific, (1) if compared at the
same total input power condition at around 25 W, the thermoelectric system
with module #2 (working at I, = 1.9 A) can achieve 10.7% higher tem-
perature drop than that of thermoelectric module #1 (ie, ; = 2.8 A). The
COP,, is 0.37 for thermoelectric module #2 and 0.34 for thermoelectric
module #1, respectively; (2) if compared at the same thermoelectric oper-
ating power condition at around 30W, the system with thermoelectric
module #2 is working at its optimal current (ie., I, = I 52 = 2.2 A), and
can achieve 19.8% higher temperature drop than the system with module
#1 (working at I; = 3.2 A). The COP,,; is 0.33 for thermoelectric module

)

Air fluid cﬁannel

Fig. 6. (a) Photograph and (b) geometric features of the thermoelectric cooling systems tested in this work.
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#2 and 0.28 for thermoelectric module #1, respectively. Thus, the experi-
mental study shows that the cooling system achieves 10.7-19.8% larger
cooling power due to the thermal resistance matching. This is important for
portable thermoelectric cooling systems and can be a guideline for system
optimization.

4. Conclusions

Thermal resistance matching is important for thermoelectric energy
conversion systems. In this work, a theoretical model is established to study
the relationship of thermal resistance allocation (of thermoelectric module
and heat sinks) and the system cooling power under different operating
electric currents. The theoretical results indicate that the optimal thermal
resistance of the thermoelectric module accounts for 40%-70% of the total
thermal resistance when the thermal resistance ratio between the hot side
and the cold side (Ry,/R,) varies within 0.1-10, which can provide a general
guideline for thermal resistance matching of thermoelectric cooling systems.
The effectiveness of thermal resistance matching is then demonstrated in
selecting an optimal thermoelectric module among 73 off-the-shelf modules
to develop a portable thermoelectric cooling system. Experimental demon-
stration is conducted by comparing the performance of two thermoelectric
cooling systems with and without optimal thermal resistance allocation.
Results indicate that the thermal resistance matching system can achieve
10.7% to 19.8% larger cooling power.
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