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Abstract: This paper aims to find a more general analysis method for the refrigeration performance, and to
design a high efficiency modular cooling structure of water-cooled plate. A new analysis method, namely current
and refrigeration rate density analysis, is proposed. The general refrigeration performance calculation equations
are obtained. A finite-time thermodynamic model of the thermoelectric device is established considering
Thomson effect. The basic structure of water-cooled thermoelectric air-conditioner is designed and the specific
calculation method is given. The influences of input current density, filling factor and heat transfer conditions on
refrigeration performance of the thermoelectric air-conditioner are analyzed, which is compared with refrigeration
performance of air-cooled thermoelectric air-conditioner. The results show that the maximum refrigeration rate
density of the water-cooled thermoelectric air-conditioner is 8.65 kW/m?, and the maximum coefficient of
performance (COP) is 2.27 in the case of the cooling temperature difference A7=5 K. Compared with A7=5 K, the
maximum refrigeration rate density and the maximum COP of A7=15 K decreases by 27.98% and 76.65%,
respectively. At the filling factor 6=0.43, the refrigeration rate density and COP are 2.57 kW/m* and 1.24,
respectively. The experimental device of thermoelectric air-conditioner is established to verify the model. The
experimental results show that the maximum value of input current and COP is 4 A and 0.95 with the efficient
water-cooling method, respectively. The experimental data coincides with the theoretical calculation, which

shows the validity of the analysis method and cooling method.

Keywords: thermoelectric air-conditioner, refrigeration rate density, COP, finite-time thermodynamics,

non-equilibrium thermodynamics, performance optimization

1. Introduction

People pay more and more attention to environmental
problems in the 21st century. Many scientific researchers
begin to study new environmentally friendly energy
technologies. Thermoelectric devices include the

thermoelectric generators, thermoelectric coolers and
thermoelectric heat pumps according to different purposes
[1-4]. Compared with traditional air-conditioner,
thermoelectric air-conditioner has the advantages of
small size, no need of harmful refrigerants and safe
operation [5, 6]. Thermoelectric air-conditioners can be
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Nomenclature

A Area/mm’

Ccop Coefficient of performance

¢ Specific heat at constant pressure/J-kg 'K ™'
d Diameter of pipeline/mm

H Fin height/mm

h Heat transfer coefficient/W-m > K

1 Input current/A

J Input current density/A-mm >

L Length of thermoelectric leg/mm

m Number of thermoelectric modules

N Number of total thermoelectric elements
Nu Nusselt number

Pr Prandtl number

p Cross-section perimeter/m

0 Heat flow rate/W

qn Heat flow rate density of hot junction/W-m ™
qe Heat flow rate density of cold junction/W-m
q1 Heat flow rate density of hot side/W-m >

q> Heat flow rate density of cold side/W-m
Re Reynolds number

R Total thermal resistance/K-W '

r Unit area thermal resistance/mm* K- W
T Absolute temperature/K

u Velocity/m-s™'

v Kinematic viscosity/m*-s”'

Greek symbols

a Seebeck coefficient/V- K™

s Finning coefficients

0 Thickness/mm

ne Fin efficiency

0 Filling factor

A Thermal conductivity/W-m ™K™'
u Thomson coefficient/V-K ™'
P Electrical resistivity/Q-m
A Difference

Subscripts

c Cold junction

cp Ceramic substrate

cv Convection heat transfer
ex Substrate of junction

f Flow

fin Fin

g Air gap

h Hot junction

one A thermoelectric module
max Maximum

mod Module

s Thermal silicone grease

1 Hot side

2 Cold side

Abbreviations

FTT Finite-time thermodynamics
PCM Phase change material

applied to air cooling in small space. They have been
widely used in biomedicine, electronic device, cryogenic
superconductivity [7-10].

In recent years, many researchers have carried out
in-depth exploration on single-stage [11-15], two-stage
[16-18] and multi-stage thermoelectric coolers [19].
Pietrzyk et al. [11] presented a new characterization
factor as a design parameter to simplify the optimization
process, and found the impact of contact resistance on the
B-factor. Considering many limited conditions, Sun et al.
[12] presented a new evaluation approach to evaluate the
refrigeration performance, and verified the 3D model by
conducting experiments, which proved the rationality of
the evaluation approach. Gong et al. [13] studied the
refrigeration performance and thermal stress of
thermoelectric cooler based on the finite element analysis,
which had a great significance to the reliability research
on the thermoelectric device. They found the optimal
value of thermal stress was 5.4x10° Pa approximately.
The thermal stress of the basic structure of thermoelectric

module was studied by Miao et al. [14]. They found that
the deformation was reduced by 6.61% when the optimal
number of thermoelectric legs was 20. Wang et al. [15]
proposed a new 3D model and found the impact of
number ratio of three different structures on refrigeration
performance. Different from the traditional two-stage
thermoelectric cooler, a new two-stage cascade
thermoelectric model was established by Ma and Yu [16].
They explored the impacts of leg length ratio, the
temperature of cold side and other factors on
comprehensive performance, and found the minimum
value of temperature was 257 K. Lin and Yu [17]
proposed a trapezoid thermoelectric element structure,
which was different from the traditional structure. The
results showed that there were optimal shape ratio and
length ratio to optimize refrigeration performance. In
addition, many researchers have been used some
algorithms to optimize the performance. For example, the
multi-objective genetic algorithm was used to optimize
the thermoelectric device by Meng et al. [18]. They
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found the optimal value of COP in the new
thermoelectric model was 0.364. Provensi and Barbosa
[19] analyzed the refrigeration performance of
multi-stage thermoelectric coolers.

Researchers have studied not only the steady-state
performance but also the transient performance of
thermoelectric coolers [20-23]. A new method to
improve the maximum temperature drop of two-stage
thermoelectric cooler was presented by Lv et al. [20].
They established a new 3D transient analysis model and
analyzed the impact of different cases on supercooling
characteristics of devices. Lin et al. [21] studied the
impact of some operation parameters on transient
characteristics by conducting experiments, and confirmed
the conclusion that the two-stage was better than the
single-stage. Different from the previous researches,
Ruiz-Ortega et al. [22] proposed a novel parameter
named the “characteristic cooling length” considering
various constraints. They analyzed the refrigeration
performance of thermoelectric cooler under current pulse
load, and also performed the impact of thermoelectric leg
length on the refrigeration performance. In order to
design a simple tool to study the transient performance of
thermoelectric devices, Fong et al. [23] optimized the
design of thermoelectric coolers by adopting a new
analytical method, taking into account the given
boundary conditions and heat transfer.

Cooling methods of thermoelectric coolers have
always been a research hotspot, including air-cooled
[24-27], water-cooled [28-36], heat pipe [37, 38], phase
change materials (PCM) [39, 40] and so on. Different
from the traditional forced convection heat sink, Baldry
et al. [24] designed a small-scale natural convection heat
sink which could be used in medical devices. They found
that the cooling temperature decreased significantly by
using this heat sink and the optimal length of the pin was
50 mm. He et al. [25] focused on the relationship
between the refrigeration performance parameters of
thermoelectric devices and the working voltage of
external devices. They found the optimal range of
working voltage in heat exchanger on both sides based
on experiments, and the COP reached the maximal value
when voltages of the thermoelectric module and the fan
in hot end were 4 V and 2 'V, respectively. Compared with
most previous works, Moradikazeroni et al. [26, 27]
established new 3D models, which were more complete
than 2D models. They studied the heat transfer and
structure of heat sink, and got many novel results. The
results showed that the type of straight slot could be
selected when considering the production costs. As
proposed by Moradikazeroni et al. [26], different shapes
of heat sink can be used in the heat dissipation of
thermoelectric device. Dizaji et al. [28] proposed a new
thermoelectric refrigeration system and concentrated on
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the impact of different working conditions on several
refrigeration parameters, such as COP and COPpyy (the
Carnot COP). They carried out experiments and found
the maximal value of COP/COP,,,,. Gok¢ek and Sahin
[29] studied a water-cooled thermoelectric cooler based
on microchannel heat sinks, focusing on the temperature
and COP under different flow rates. The results showed
that COP increased by 21.5% and the final temperature
decreased by 2.4 K with the increased flow rate. A jet
heat sink with low thermal resistance was designed by
Karwa et al. [30]. They have experimentally validated
their simulation results, and found that the heat sink
could improve the refrigeration performance. Lin et al.
[31] focused on the effect of three combined devices with
different cooling methods on the heat dissipation of LED.
They found that the temperature of substrate decreased
by 20 K while using the combination of thermoelectric
cooler and the water-cooled micro-channel heat sink.
Nanofluids can also be used as coolants in the liquid
cooling method. Many scholars have studied the
nanofluid from the aspects of nano additives [32],
volume fraction [33], shape of nanoparticles [34], and
convective heat transfer [35]. Ahmed et al. [36] studied
the performance of thermoelectric device with different
mixing ratios of nanofluids as coolants. They obtained
multiple sets of data through experiments, and found the
maximum cooling temperature reduced by 4 K. In recent
years, the cooling method of heat pipe has been
concerned by some researchers and applied in
thermoelectric devices. Sun et al. [37] added gravity heat
pipe to thermoelectric refrigeration system, established
the relevant model and carried out experiments. They
found the cooling effect could be significantly improved
by using heat pipe. Liu et al. [38] studied the influence of
five different cooling methods on the frosting system of
thermoelectric cooler. The results showed that COP of
the module with the cooling method of the heat pipe is
0.318. Tan and Zhao [39] carried out research on the
application of Phase Change Material (PCM) in a new
thermoelectric refrigeration system to improve the
cooling effect, and found the effect of working conditions
and different modules on refrigeration rate and COP. The
results showed that the maximum COP was 0.78. A
combination of thermoelectric technology and PCM was
used in the battery module by Jiang et al. [40]. They
found that the time of reaching the maximum
temperature was significantly delayed by using PCM.
Finite-time thermodynamics (FTT) is a powerful tool,
which combines the theories of heat transfer,
thermodynamics and fluid mechanics [41-45]. Some new
discoveries can be found for thermoelectric devices [3, 4]
by using the FTT theory. Chen et al. [46] analyzed the
refrigeration performance based on the FTT theory earlier,
and theoretically analyzed and experimentally verified
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the relationship between refrigeration rate, COP and
input current. Meng et al. [47] presented a FTT model of
the thermoelectric cooler with finned heat exchangers
and studied the refrigeration rate and COP. Chen et al.
[48] proposed a new general method to analyze the
air-cooled thermoelectric cooler, concentrating on the
influence of the input current, filling factor and other
geometry parameters on the refrigeration performance.
They obtained design parameters of the heat sink, and
found the optimal height of fin. Lu et al. [49] explored
the thermoelectric refrigeration system from the aspect of
thermal resistance distribution, and carried out
experiments to verify the theoretical model. They found
the proportion of the optimal thermal resistance
distribution. And the COP of thermoelectric module with
thermal resistance matching was 0.37, which was higher
than that of other ordinary modules. Many researchers
studied thermoelectric devices by new methods.
Lundgaard and Sigmund [50] proposed a new type of
thermoelectric cooler, and analyzed its optimization
based on density-based topology optimization method.
The results showed that the refrigeration performance
was obviously improved. Sun et al. [51] optimized the
two-stage series and parallel thermoelectric cooler by
using NSGA-II. They obtained the optimal value of the
low-level leg length was 1.448 and 1.882, respectively.

The following characteristics can be found by
summarizing the published literature:

(1) The Thomson effect is usually neglected to
simplify modeling and processing. However, some
researchers focused on the Thomson effect and got some
important conclusions. Chen et al. [52] found that when
considering the Thomson effect, the refrigeration rate
was increased by 6.51%. Ruiz-Ortega et al. [53] found
that the refrigeration rate and COP of the device with
thermoelectric material (BigsSbys),Te; increased 3.21%
and 9.43% when considering the Thomson -effect.
Kaushik et al. [54] and Feng et al. [55] revealed that
Thomson effect has obvious influences on the
performance of thermoelectric devices. Moreover, most
people studied the specific structure and commercial
thermoelectric modules. However, the calculation
method is not universal and not easy to popularize and
apply.

(2) Most of the researches on thermoelectric
air-conditioner focused on the current, voltage and flow
rate. There are few studies on the performance of
water-cooled thermoelectric air-conditioners from the
geometry of heat exchanger. Few people studied the
influence of the geometry of heat exchanger on the
performance of water-cooled thermoelectric
air-conditioners.

(3) Although a variety of cooling methods are
discussed, there is a lack of comparison between different
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cooling methods especially between water-cooled and
air-cooled.

In view of the above problems, this paper attempts to
make improvements from the following aspects:

(1) Chen et al. [48] ignored the Thomson effect,
simplifying the numerical model and focusing on the
air-cooled thermoelectric cooler. Based on the previous
work, a more complete FTT model of water-cooled
thermoelectric air-conditioner is established considering
Thomson effect. A new widely-suited analysis method,
namely current and refrigeration density analysis is
adopted. The more general result is obtained, and the
theoretical model is verified by experiments.

(2) Compared with the structure of heat exchangers
proposed by Gokgek and Sahin [29] and Chen et al. [48],
a high efficiency modular cooling structure of
water-cooled plate is proposed and designed. The
influence of heat exchanger geometry parameters on
refrigeration performance is studied, such as the
thickness and height of fin and pipe diameter of the
water-cooled plate. The detailed calculation method of
the water-cooled plate and air-cooled of the rib wall is
given.

(3) In the numerical simulation, the refrigeration
performance of the thermoelectric air-conditioner with
water-cooled at the hot side and air-cooled at the cold
side is studied, and compared with air-cooled on both
sides under the same working conditions. The
refrigeration performance of the new high efficiency
cooling method with water-cooled plate is verified and
analyzed by conducting experiments.

The Thomson effect is neglected by many scholars.
And most of calculation methods of water-cooled
thermoelectric ~ air-conditioner are not universal.
Therefore, the purpose of this paper is to present a more
general model, design structure and calculation method
of water-cooled thermoelectric air-conditioner so that the
results are closer to the actual work condition. In addition,
the influences of input current density and geometric
parameters of heat exchanger on the refrigeration
performance are studied. An experimental device of
thermoelectric air-conditioner is established to verify the
model. The results are expected to provide guidance for
the design and operation of water-cooled thermoelectric
air-conditioner.

2. Description of Problem

In order to simplify the model, many scholars
neglected the Thomson effect when building the
numerical model. In addition, most of the studies have
used specific thermoelectric modules, such as
TEC-12705, TEC-12706, etc. But the calculation
methods in those studies are not universal enough.
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Moreover, most of the researches on water-cooling have
only specific experimental data and no detailed
calculation method.

In this paper, the numerical model is built by
considering Thomson effect, so the result is closer to the
actual situation. A new widely-suited analysis method,
namely current and refrigeration density analysis is
adopted, which can be used to get more general results. A
high efficiency modular cooling structure of water-cooled
plate is proposed and designed.

Fig. 1 gives the control volume of the system. Fig. 2(a)
shows the structure of a water-cooled thermoelectric
air-conditioner. Fig. 2(b) presents the three-dimensional
structure of the thermoelectric air-conditioner. The
geometry of the heat exchanger affects the refrigeration
rate density and COP of the device. In this paper, the
effects of the pipe diameter in the water-cooled plate, the
thickness and the height of the fin on the refrigeration
performance are studied.

O, (Heat dissipating
capacity)

|_ -
| P (Input power)
|
|
|

()

| Thermoelectric
refrigeration
system

L —

0, (Heat absorption
capacity)

Fig. 1 The thermodynamic system

3. Device Structure and New Analysis Method

In Fig. 2, the device is mainly divided into two parts:
thermoelectric modules and two heat exchangers. The hot
junction of the device is a water-cooled plate, and the
cold junction is an air-cooled heat sink with a fan.

The secondary side is assumed to be adiabatic in this
study. According to the theory of non-equilibrium
thermodynamics, the refrigeration performance of
thermoelectric air-conditioner is related to the number of
thermoelectric modules. In order to make the results
universal and reflect the refrigeration performance of the
same module area, the refrigeration rate density analysis
method is used. Therefore, the heat flux densities at two
junctions of the device are

1 . 1 1 .
ay = [_a]Th ~—A(T,-T.)+=Lpj’

2 L 2

| (1)
_Eﬂj(Th _7;:):|6
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4q. :[Ea]Th _Zfl(Th _Tc)_ELsz
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where a, 4, p and u are the Seebeck coefficient, thermal
conductivity, conductivity and Thomson -coefficient,
respectively. The Thomson coefficient is u=7(do/dT). Ty
and T, are temperatures of two junctions. L and 8 are the
length of the thermoelectric element and filling factor,
respectively. j is the input current density, and it is j=I/4
(I and A are input current and cross-section area of
thermoelectric element respectively).

The filling factor 6 is

0=2A4AN/ A, 3)
where N is the number of total thermoelectric elements;
Amoa 1S the total area of modules; 4 is the cross-section
area of thermoelectric element.

The filling factor is the ratio of cross-section area of
thermoelectric elements to thermoelectric module area.
As shown in the Egs. (1) and (2), the heat flux densities
at two junctions are proportional to the filling factor. At a
fixed input current density, the larger the filling factor is,
the greater the heat flux density is. In addition, the filling
factor can enhance with the increases of the cross-section
area or the number of thermoelectric elements. Then the
heat flux density will increase. ~Commercial
thermoelectric modules mostly adjust their refrigeration
performance by changing the cross-section area of
elements.

@ ttTt Tt

| Cooling water |

2 (S (¥

(b)
Water-cooled
plate

Thermoelectric
module

Air-cooled
heat sink

Fig.2 Structure of the thermoelectric air-conditioner
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The heat flux density at cold junction also can be
called refrigeration rate density. The refrigeration rate
density ¢. can also be calculated by:

9
=-_=¢ 4
% Amod ( )
Amod = Aone m (5)

where Q. is the refrigeration rate; A4 is the total area of
modules; A, is the area of one module; m is the total
number of modules in the thermoelectric device.

Besides, the maximum refrigeration rate density g max
and the input current density jq max are

2 2
T) +2ual AT +(aT,
¢,max :g (IUA ) it (a C) —AAT (6)
’ L 8p
, al, + uAT
= 7
Jq,max ZpL ( )

where AT is the refrigeration temperature difference.
When the Thomson effect is ignored (1=0), Egs. (6)
and (7) are simplified as follows

2
_e (ai)_/MT ®)
cmax — 7 8,0
al,
.ol 9
Joemss =507 ©)

It can be seen from Eqs. (6)—(9) that g.m.x With the
Thomson effect is higher than that of without the
Thomson effect. In addition, the shorter the length of
thermoelectric leg, the higher the temperature of cold
junction, the larger the optimal input current density is.
The larger the filling factor, the smaller the length of
thermoelectric element and the smaller the temperature
difference, the larger the refrigeration rate density is. On
the contrary, with increased filling factor, the area of
thermoelectric element in the thermoelectric module
increases. And the air gap decreases, the convection and
the heat absorption in the module decreases.

Heat transfer in thermoelectric devices can be
simplified to one-dimensional heat transfer. The thermal
resistance of heat exchanger is affected by the device size,
so it can reflect the external heat transfer performance. In
order to simplify the calculation, the unit area thermal
resistance » can be used to replace the total thermal
resistance R.,, and that is 7=ReAme. The boundary
conditions are the temperature 7 of heat reservoir and
the temperature 7, of cold reservoir.

The heat flux densities of hot and cold sides are given
by

g =10 (10)

i

T.-T,

C

9= (11)

n

where T) and T; are temperatures of two reservoirs; 7
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and r, are the unit area thermal resistances of two sides,
respectively.

According to the energy balance of the system, there
are

9 =y (12)

9> =4, (13)

cop=—% (14)
91— 492

Because ¢, and ¢, are used to describe the heat flux
density of two junctions of the thermoelectric
air-conditioner in Egs. (1) and (2), therefore, they are
regardless of the modules number and the thermocouples
number. g, and g, can be calculated by several different
physical parameters (4, p, @), and geometric parameters
(4, L) of various sizes of thermoelectric air-conditioners.
Egs. (10) and (11) are suitable for various heat transfer
methods such as air cooling and water cooling. Ignoring
the thermal heat transfer of the secondary side and
substituting Egs. (1), (2), (10) and (11) into Egs. (12) and
(13), the performance of the thermoelectric air-
conditioner can be calculated for given conditions of heat
reservoir and heat transfer.

4. Thermal Resistance Network Analysis

Fluid dynamics or heat transfer can be reflected by the
change of thermal resistances, so the thermal resistances
are analyzed. The thermal resistance network diagram is
given in Fig. 3. Fig. 4 shows the structures of
water-cooled plate and heat sink.

T
Vel
Fex1
G ? 7
rs
Fep
1% T )
R, R, R, vee N oaen
e 1.
Tep
92 1 s rs
Vex2
Ve
Ty

Fig.3 Thermal resistance network

There is a certain temperature drop between heat sink
and modules. Thus, the contact thermal resistance of
thermal silicone grease is

r=0,/% (15)

The thermal resistances of two junction substrates and

module ceramic substrate are, respectively:
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rexlzé‘exl/ﬂexl (16)
Tex2 = é‘ex2/;ie)(2 (17)
VCP = 5cp/ﬂ’cp (18)

where Js, dex and J, are the thickness of thermal silicone
grease, substrate of junction, and ceramic substrate,
respectively. 4, e and A, are the thermal conductivity of
thermal silicone grease, substrate of junction, and
ceramic substrate, respectively.

|
In —

O; b,

le >
| | !
w
(b) Heat sink

Fig. 4 Structures of water-cooled plate and heat sink

The cooling water is forced to flow in water-cooled
plate and absorbs heat, which makes the temperature
increase. The heat transfer resistance is [56]

T =1/ (19)
The heat transfer coefficient /; can be calculated by
hy = %Nuf (20)

where d is the diameter of pipe; A; is the thermal
conductivity; Nu is the Nusselt number.

Considering the flow state of water in the pipe, the
turbulence correlation (the Dittus-Boelter equation) of
forced convection heat transfer in the tube can be
selected [27]. The Nusselt number Nu is

Nug = 0.023Rel* Pr0* 1)

where the Reynolds number is 10°< Re; <1.2x10%; the
Prandtl number is 0.7< Pr;<120.

The Reynolds number Re is
Re, =44 (22)
Ve

where u is the water flow velocity; v¢ is the kinematic
viscosity.

Air at the cold junction is forced air-cooled of the rib
wall. The most common cross-section straight heat sink
with equal section is used in this calculation. Therefore,
the heat transfer resistance is [57, 58]

Tev2 = 1/(ﬁh277f) (23)
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where 7¢ is the fin efficiency of heat sink; £ is the rib
effect coefficient of heat sink.
The fin efficiency #¢is [57, 58]

ne=tanh (mH )/mH 24)

mH:\/(hfinpﬁn )/(ﬂﬁn Agin ) “Hp, (25)
where /hgn, Afin, Pfin, Amn and Hpy, are heat transfer
coefficient, area, cross-section perimeter, thermal
conductivity and height of the fin, respectively.

Air gap thermal resistance is
r,=L12, (26)
where L is the length of the thermoelectric element; 4,;; is
the air thermal conductivity.

5. Parameter Influence Analyses

The low temperature thermoelectric material bismuth
telluride (Bi,Te;) is used to calculate the physical
property parameters at the average temperature of the
cooling water and the air. Considering variable physical
properties of thermoelectric material Bi,Te; [59, 60], the
physical property parameters are given as follows

a= (22 224.0+930.67 —0.99057"> )10‘9 V/K  (27)
p:(5112.0+163.4T+0.6279T2)10’10 Qm (28
A= (62 605.0—277.7T+0.4131T2)10‘4 W/ (m-K) (29)

U= (930.6T ~1.98172 )10*" V/K (30)

The merit value (Z7) of Bi,Te; is 0.80 at the
temperature 348 K. The parameters of air can be obtained
by the calculation formulas of air density and specific
heat capacity. The relevant parameters in the calculations
are set as: a=4.58x10" V/K, 1=1.649x10"* W/(m-K),
p=5.424x10""Q'm, 4=1.026x10"* V/K, L=2 mm, 4=2.07
mm’, 1,=35.3 W/(m'K), d;,=1 mm, 5,=5 mm, c,=4.2
kl/(kg'K), ¢,,=1.005 kJ/(kg'K). In the numerical
simulation, the value range of input current density is 0.1
A/mm’ to 8 A/mm’, the value range of air flow velocity
is 1 m/s to 10 m/s, and the value range of cooling water
flow velocity is 1 m/s to 5 m/s.

5.1 Design parameter analysis

5.1.1 The influence of current density

Figs. 5 and 6 show the relationship between the cold
and hot junction temperatures and input current density
under different cooling methods. From Fig. 5, the hot
junction temperature of thermoelectric module gradually
raises with increased input current density. The increase
of hot junction temperature in the air-cooled
thermoelectric air-conditioner is more significant than the
water-cooled. That is, because the heat capacity of water
is much larger than that of air. When the input current
density increases from 0.1 A/mm” to 3.0 A/mm?, the hot
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junction temperature is lower than 303 K, which is
significantly lower than the rated maximum temperature
of most thermoelectric modules. From Fig. 6, the cold
junction temperature of the water-cooled thermoelectric
air-conditioner with increased input current density is
lower than that of the air-cooled, which indicates that the
water-cooled air-conditioner has a larger refrigeration
rate density and COP. When AT increases from 5 K to 15
K, the cold junction temperature declines for given input
current density. For instance, when input current density j
is 2.5 A/mm?, AT is 5 K, 10 K and 15 K, and the cold
junction temperature of water-cooled is 281.39 K,
278.71 K and 276.04 K, respectively. In Table 1, the hot
junction temperature of water-cooled is 300.39 K, which
is 16.79 K lower than that of air-cooled in the case of the
cooling temperature difference A7=5 K and input current
density j=2.5 A/mm”. And the cold junction temperature
of water-cooled is 7.07 K lower than that of air-cooled.
Figs. 7 and 8 show the relationship between the
refrigeration performance, cooling temperature difference
AT and input current density under different cooling

328
3k T Water—cooled
= = = Air-cooled
318}
313
=
= AT=10K
308 f
s03k ATSSK o3
208} ,_/, ==
293 - 1 il 1 1 1
0 0.5 1.0 1.5 2.0 2.5 3.0
J/A-mm™

Fig. 5 The hot junction temperature versus input current
density under different cooling methods

297

—— Water-cooled
== = - Air-cooled

203

278
AT=15K

0 0.5 1.0 1.5 2.0 2.5 3.0
J/A-mm™

Fig. 6 The cold junction temperature versus input current
density under different cooling methods
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Table 1 The cold and hot junction temperatures of two
thermoelectric air-conditioners at input current density j=2.5
A/mm?

The air-cooled
air-conditioner

The water-cooled
air-conditioner

AT/K 5 10 15 5 10 15
TwK 30039 300.20 300.00 317.18 315.63 314.07
TJ/K 28139 27871 276.04 288.46 28521 281.97

10

—— Water-cooled
- = = Air-cooled

qJ/kW-m?

J/A-mm™

Fig. 7 Refrigeration rate density versus input current density
under different cooling methods

3.0

——  Water-cooled

25F = = = Air-cooled

Fig. 8 The COP versus input current density under different
cooling methods

methods. It should be noted from the figures that there is
an optimal input current density, so that the refrigeration
performance parameters of the device can reach the
maximum value. As the input current density is
continuously  increased, both the refrigeration
performance parameters increase first, and then decrease
after reaching the maximum value. As indicated in Figs.
7 and 8, when AT increases from 5 K to 15 K, the
refrigeration rate density and the COP decrease.

When the secondary side is assumed to be adiabatic,
changing the input current density can influence the heat
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flux density of the Peltier, Thomson and Joule effects.
The Peltier effect and Thomson effect are beneficial to
improve refrigeration performance, while the Joule effect
plays a negative role. As the increase of input current
density, the cooling effect is obvious because of the
Peltier effect and Thomson effect, but the Joule heat
raises gradually. Therefore, after the optimal input
current density, the Joule effect dominates and the
refrigeration performance decreases by continually
increasing input current density.

Table 2 lists the optimal performance of two different
thermoelectric air-conditioners. In the water-cooled
thermoelectric  air-conditioner, when the cooling
temperature difference AT decreases from 15 K to 5 K,
the maximum refrigeration rate density increases from
6.23 kW/m? to 8.65 kW/m?, and the COP increases from
0.53 to 2.23. When AT decreases from 15 K to 10 K, the
maximum refrigeration rate density increases from 6.23
kW/m? to 7.44 kW/m?, and the COP increases from 0.53
to 0.97. The reason is that the increase of cooling
temperature difference affects the heat absorption of the
cold junction. Therefore, it is necessary to reduce the
cooling temperature difference in practice. At AT=5 K,
the input current density of the maximum refrigeration
rate density of the water-cooled thermoelectric air
conditioner is 6.04 A/mm? and the input current density
corresponding to the maximum COP is 0.62 A/mm?’.
Considering the cooling effect, economy and safety of
the water-cooled thermoelectric air-conditioner, the best
input current density range should be 0.62 A/mm?’ to 6.04
A/mm’,

One can observe from Table 2 that at cooling
temperature difference A7 = 5 K, the maximum
refrigeration rate density in the water-cooled
thermoelectric air-conditioner is 6.49 kW/m® higher than
that of in the air-cooled thermoelectric air-conditioner,
and the maximum COP is increased by 73.82%. At
AT=10 K, the maximum refrigeration rate density in the
water-cooled thermoelectric air-conditioner is 6.11
kW/m? higher than that of in the air-cooled, and the
maximum COP is increased by 136.59%. On the other
hand, the input current density of the maximum
refrigeration rate density is 6.04 A/mm’ in the
water-cooled thermoelectric air-conditioner at A7=5 K.
And the input current density is 2.39 A/mm’ in the
air-cooled thermoelectric air-conditioner. That is, under
the same cooling temperature difference, the input
current density of the maximum refrigeration rate density
of water-cooled thermoelectric air-conditioner is much
larger than that of air-cooled, which is caused by the
large difference between the heat capacity of air and
water. However, the input current density corresponding
to the maximum COP of the water-cooled is slightly
larger than that of air-cooled.
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Table 2 Optimal performance of two different thermoelectric
air-conditioners

The air-cooled
air-conditioner

The water-cooled
air-conditioner

AT/K 5 10 15 5 10 15
Gemar/kKW-m™> 8.65 744 623 216 133  0.50
Jo/Amm? 6.04 5.98 592 239 237 232
COP nax 2.27 097 053 131 041 0.10

Jcoo/A-mm ™ 0.62 1.25 1.90 0.61 124 185

The heat transfer resistance of water-cooled is less
than that of air-cooled, so the heat dissipation
performance of water-cooled is better. With increased
input current density, the heat accumulated at hot
junction cannot be dissipated, and transfers to the cold
junction forming heat leakage, so the refrigeration rate
density decreases. The heat dissipation of water-cooled
can maintain the lower temperature of hot junction.
Therefore, whether the optimal value or the maximum
value, the input current density of the water-cooled
thermoelectric air-conditioner is higher than that of
air-cooled.

5.1.2 The influence of module filling factor

The relationship between the filling factor and the
refrigeration performance of the device is shown in Fig. 9.
Referring to this figure, the refrigeration rate density will
enhance with increased the filling factor 6 from 0.2 to 0.8,
but the COP will decrease. That is because increasing the
cross-section area of thermoelectric unit by raising the
filling factor leads to the increase of heat flux density,
which can also influence the refrigeration rate density.
Therefore, when selecting thermoelectric modules, it is
necessary to select an appropriate filling factor. The
filling factor € of thermoelectric module made in China is
usually in the range of 0.2 and 0.5. At the filling factor
6=0.43, the refrigeration rate density and COP are 2.57
kW/m?® and 1.24, respectively.

4

COpP

110

—— Refrigeration rate density
e (COP

0.2 03 0.4 0.5 0.6 0.7 0.8 0.9
6

Fig. 9 Refrigeration rate density and the COP versus filling
factor
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5.1.3 The influence of area thermal resistance

The heat sink and water-cooled plate are used in two
sides. Therefore, area thermal resistance of two sides to
refrigeration  performance should be analyzed,
respectively. In this paper, the range of area thermal
resistance is selected according to the calculation.

Fig. 10 represents the relationship between
refrigeration performance and area thermal resistance
when the cold air in the cold side is dissipated through
the heat sink. It is clear that when area thermal resistance
is constant, the refrigeration rate density increases as the
input current density raises, while the COP decreases.
When the area thermal resistance is 20x10™* (m?*K)/W,
the refrigeration rate density at the input current density
j=1.2 A/mm” is 1.57 kW/m?, which is higher than that of
at j=0.8 A/mm’. Furthermore, compared with the COP at
j=1.2 A/mm’, the COP at j=0.8 A/mm’ increases by
37.33%. With the increase of area thermal resistance, a
significant reduction in the refrigeration performance can
be observed. When the area thermal resistance of the cold
junction is less than 60x10™* (m*-K)/W, the reduction of
the area thermal resistance has an obvious influence on
the refrigeration rate density and COP.

25— T g i j
. ST — J/=1.0 A-mm
Hysl S — j=0.8 A‘mm?2 A
=
Z 0t
>
0.5
0
15F
o
O 1.0
Q
0.5
0 : y ' .
0 20 40 60 80 100

Fer/ 1074 m?-K-W-!

Fig. 10 Refrigeration rate density and the COP versus area
thermal resistance of the cold junction

Fig. 11 represents the relationship between
refrigeration rate density, COP and area thermal
resistance when cooling water in the hot side flows
through the water-cooled plate to absorb heat. It should
be noted from the figure that the refrigeration
performance parameters decrease with the increase of
area thermal resistance for fixed input current density. In
the case of area thermal resistance from 5x10~* (m*-K)/W
to 15x107* (m*K)/W, the reduction of refrigeration rate
density is 0.33 kW/m? at the input current density j=0.8
A/mm?’. However, the reduction is 0.93 kW/m® at j=1.2
A/mm’. Therefore, the smaller the input current density,
the smaller the declining rate of the refrigeration rate
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density. The refrigeration rate density curve drops gently
at j=0.8 A/mm?’. Furthermore, when the area thermal
resistance of hot junction is 5x10* (m*'K)/W and the
input current density j is 1.2 A/mm?, 1.0 A/mm® and 0.8
A/mm?, the refrigeration rate density is 2.35 kW/m?, 1.56
kW/m?* and 0.78 kW/m?, respectively. And the COP is
0.89, 1.35 and 1.47, respectively.

~. - = j=1.2 Amm?
- R — Jj=1.0 A-mm
B2 TTmee L DDA
3 ...................... TTe-l =~
R
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Fig. 11 Refrigeration rate density and the COP versus area
thermal resistance of the hot junction

5.2 Heat transfer conditions

5.2.1 The influence of air flow velocity

The structure of heat sink used in the water-cooled
thermoelectric air-conditioner is reasonable. Therefore,
the geometry of the heat sink and the air flow velocity in
the cooling space are studied. The direction of the air
flow remains the axial direction. Figs. 12 and 13 show
how the refrigeration performance varies as a function of
air velocity, rib thickness and rib height, respectively. It
should be noted from the figures that the refrigeration
performance parameters increase with the decrease of rib
thickness for fixed air flow velocity. For instance, when
the air flow velocity is 4 m/s, j is 1.0 A/mm?; fin rib
thickness o, is 1.5 mm, 2.0 mm and 2.5 mm; the
refrigeration rate density is 6.33 kW/m?, 6.23 kW/m” and
6.11 kW/m?, respectively. The COP is 1.02, 1.00 and 0.98,
respectively. Besides, with the increasing value of the air
flow velocity, the refrigeration rate density and the COP
increase. The increasing rate gradually decreases for
fixed rib thickness.

The influences of three kinds of rib heights and air
velocity on the refrigeration performance are shown in
Figs. 14 and 15, respectively. It is clear that when the air
velocity is constant, the refrigeration rate density and
COP enhance as the rib height increases. When the air
flow velocity is 4 m/s, j is 1.0 A/mm? the rib height H is
60 mm, 50 mm and 40 mm, the refrigeration rate density
is 6.93 kW/m’, 6.68 kW/m” and 6.33 kW/m’, respectively.
The COP is 1.12, 1.08 and 1.02, respectively. For a given
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rib height, as the air velocity increases from 1 m/s to 10
m/s, the refrigeration performance parameters increase,
and the increasing rate gradually decreases. When the air
velocity is higher than 6 m/s, the influence of
enhancement is not obvious. Thus, the air velocity of 6
m/s is suitable for the thermoelectric air-conditioner.

7.5
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Fig. 12 Refrigeration rate density versus air velocity and fin
thickness

S
0.9
&}
08F
! — 0=2.5mm
o7 7. 6=2.0mm
- = o0=1.5mm
0.6 . ' ; :
0 5 4 6 8 10

u,/m-s™!

Fig. 13 The COP versus air velocity and fin thickness
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Fig. 14 Refrigeration rate density versus air velocity and fin
height
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Fig. 15 The COP versus air velocity and fin height

The effects of air velocity, rib thickness and rib height
on the area thermal resistance of the cold side are also
analyzed. With the increase of the air velocity, the area
thermal resistance gradually decreases. When air flow
velocity is 6 m/s, area thermal resistances of different rib
thicknesses and heights are listed in Table 3. Compared
with the rib thickness J,=1.5 mm, the area thermal
resistance of 6,=2.0 mm and 2.5 mm increases by 3.95%
and 8.69%, respectively. Besides, compared with rib
height H=60 mm, the area thermal resistance of H=50
mm and 40 mm increases by 10.59% and 27.60%,
respectively. That is, when air velocity is constant, the
thinner rib thickness J, and higher rib height H lead to a
smaller thermal resistance.

Table 3 The arca thermal resistances of different rib thicknesses
and heights

&/mm P/ 1074 m> K-W! H/mm P/ 1074 m> K-W™!
1.5 20.25 60 15.87
2.0 21.05 50 17.55
2.5 22.01 40 20.25

5.2.2 The influence of cooling water flow velocity

The velocity and flow direction of water affect the
heat absorption of water. The geometry of the
water-cooled plate and the cooling water flow velocity in
the water-cooled plate are studied. The direction of the
water flow remains constant. Figs. 16 and 17 represent
the relationship between refrigeration rate density, COP
and cooling water flow velocity for three different pipe
diameters (d=8 mm, 12 mm, 16 mm). The figures show
that as the pipe diameter decreases and flow velocity
increases, the refrigeration rate density and the COP
increase. When the cooling water flow velocity is 3 m/s, j
is 1.0 A/mm’ and the pipe diameter is 16 mm, 12 mm and
8 mm; the refrigeration rate density is 6.86 kW/m’, 6.87
kW/m? and 6.88 kW/m? respectively. And the COP is
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approximately the same at 1.11. For a given pipe
diameter, the refrigeration rate density and COP increase
rapidly when the flow velocity is less than 3 my/s.
Therefore, 3 m/s is the optimal flow velocity in the
water-cooled thermoelectric air-conditioner according to
the design cost.
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Fig. 16 Refrigeration rate density versus water velocity and
pipe diameter
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Fig. 17 The COP versus water velocity and pipe diameter
6. Experimental Study

To validate the numerical results, an experimental test
set-up is built.

6.1 Experimental test set-up

The experimental test set-up has been completed to
verify the model and calculation method. Fig. 18 shows
the experimental test set-up. Fig. 19 shows the
composition of the experimental system. In the
experimental system, cooling water is used in the hot side
and the air is used in the cold side, which is to verify the
numerical model. The cooling water is pumped from the
water tank into the water-cooled plate, and the flow
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velocity is changed by the water pump. The cooling
water absorbs heat through the water-cooled plate in the
hot junction, and then flows back to the water tank,
which realizes the circulation of cooling water. The cold
air in the cooling space releases heat through the heat
sink in the cold junction. Because the cooling space is
small, the velocity of cold air is changed by the fan and
measured by the hot-wire anemometer with accuracy of
+0.03 m/s. If it is necessary to measure air temperature,
humidity and carbon dioxide in the laboratory, the
ASHRAE standard should be used. The MP3005D DC
power is used to supply voltage and input current for the
thermoelectric air-conditioner. The voltage stability of
DC power is less than 0.05%+1 mV, and the input current
stability is less than 0.1%+10 mA. The accuracy of DC
power is within +1.0%. The JK-9000 paperless recorder
is used to record data of the temperatures of cooling
water and cold air in the cooling space. There are 16
sensing contacts measuring data at the same time. The
measuring accuracy of the JK-9000 paperless recorder is
within +£0.2% F-S. K-type thermocouple with accuracy of
+0.5 K is used as the sensing contact.

Fig. 18 The experimental test set-up

Fig. 20 shows the water-cooled thermoelectric
air-conditioner prototype. The water-cooled
thermoelectric air-conditioner contains three TEC-12705
thermoelectric modules. Heat sink and two axial flow
fans are used in the cold junction as heat exchanger. The
length and width of the rib are 27 mm and 1.5 mm. The
heat exchanger in the hot junction is a water-cooled plate
with a pipe diameter of 7.5 mm.

Six temperature sensing contacts of the JK-9000
paperless recorder are used to record the temperatures of
the air in cooling space and the water in water tank,
respectively. As same as the locations of sensing contacts
in water tank, one temperature sensing contact is located
in the middle of the cooling space, and the rests are
distributed in the front and back of the cooling space. The
average temperatures of the tested environment and
cooling water are obtained, which provide data for
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Fig. 19 The experimental test system schematic diagram

Fig. 20  Thermoelectric air-conditioner of experimental
prototype

calculating the refrigeration rate and COP. In addition,
the refrigeration rate density can be calculated by the area
of thermoelectric modules and refrigeration rate.

The incubator is a 410 mm»290 mmx230 mm foam
box with a volume of 27.3 L. In the experiment, the
cooling water velocity is 2 m/s, and the air velocity of the
axial fan in cooling space is 3 m/s. The test time for a
group of experiments is 360 s. The experimental platform
has been tested for many times before the experiments.
The heat dissipating capacity and the cooling capacity is
calculated by the initial and end temperature of cooling
water and cold air in the cooling space, respectively. The
deviation of energy balance is the comparison between
heat dissipating capacity and the sum of cooling capacity
and input power. If the deviation of energy balance is
large, it indicates that there is a deviation of heat
dissipating capacity.

6.2 Experimental validation

Fig. 21 shows the temperature trends of cooling water
and cold air versus current in experiment and simulation.
In Fig. 21, the solid line represents the simulation with
the Thomson effect, and the chain-dotted line represents
the simulation without the Thomson effect. The data
point is the measurement point, and the dotted line is
fitted according to the measurement points. The
simulation results show that the temperatures of cooling
water and cold air considering the Thomson effect are
lower than those without Thomson effect, which indicate
that the Thomson effect can improve the refrigeration
performance. The deviation is small, especially when the
input current is small. However, the deviation increases
gradually. As mentioned by Liu et al. [61], Elarusi et al.
[62] and He et al. [63], there are three reasons for
deviations. First, the temperature of thermoelectric
materials rises as the input current increases. The actual
resistivity is larger than the theoretical resistivity
calculated by average temperature. So, the actual Joule
heat is larger than the simulated value. In the experiment,
the Joule heat increases with increased input current,
which affects the cooling capacity clearly. Second, the
water temperature in water tank increases, and the cold
air temperature in cooling space decreases as the input
current increases. Therefore, the heat transferred between
cooling water, cold air and the ambient increases, which
causes deviations. Third, the flow resistance of cooling
water in the water-cooled plate and air in the heat sink
also causes deviations between the experiment and
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simulation. In addition, the error of temperature
measurement is small. The temperature difference is used
to calculate the refrigeration rate and COP in the
calculation, so the error of temperature will cancel out
and not affect the experimental deviation obviously.
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Fig. 21 Comparison between temperature trends in experiment
and simulation versus current for (a) cooling water
temperature and (b) cold air temperature

Table 4 lists the comparison between the refrigeration
rate, COP in experiment and simulation when the initial
temperatures of ambient, the cooling space and the
cooling water are 288 K. In Table 4, 0/, and COP%» are
the refrigeration rate and COP when considering
Thomson effect; Oy, and COP%, are the refrigeration
rate and COP when neglecting Thomson effect. The
simulated values of refrigeration rate and COP with
Thomson effect are higher than that of without Thomson
effect. In addition, when the input current is 0.5 A, the
deviation between the experimental and simulated
refrigeration rate and COP is 4.1% and 7.5%,
respectively. However, when the input current rises to 4.0
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A, the deviation between the experimental and simulated
refrigeration rate and COP rises to 23.42% and 28.38%,
respectively. The deviation of energy balance increases
gradually with the increase of input current, so most of
the experimental deviation is caused by the inadequate
thermal insulation.

Table 4 The refrigeration rate, COP and the deviation in
experiment and simulation

A 0.5 1.0 2.0 3.0 4.0
O/ W 1.709 3.212 5.253 5.962 6.754
0150 W 1730 3.336 5.864 7.357 8.515
QL IW 1.782  3.469 5.969 7.482 8.820

410%  7.41%  11.99%  20.32%  23.42%
COP,, 0.950  0.417 0.170 0.083 0.053
COP4=" 0.997  0.445 0.198 0.108 0.071

COP#~° 1027 0462 0202 0.110 0.074

Deviation

Deviation ~ 7.50%  9.74% 15.84%  24.55%  28.38%
Energy
balance 6.32% 10.18%  21.52%  30.39%  36.18%
deviation

In order to reduce the deviation between experiment
and simulation, two measures can be taken. First, a more
accurate calculation method of physical parameters of
thermoelectric module can be used to reduce the
deviation caused by physical parameters in theory.
Second, the deviation of energy balance can be reduced
by enhancing thermal insulation in the experiment.

7. Conclusions and Future Work

A new analysis method, namely current and
refrigeration analysis, is proposed and applied to study
the refrigeration performance of  water-cooled
thermoelectric air-conditioner. An experimental test
device is established to verify the theoretical model.
Multiple groups of experimental data are obtained. The
main results are as follows:

(1) In the water-cooled thermoelectric air-conditioner,
the corresponding input current density at the maximum
refrigeration rate density is 6.04 A/mm’ and the
corresponding input current density at the maximum
COP is 0.62 A/mm” at the cooling temperature difference
AT=5 K. Considering the cooling effect, economy and
safety of the water-cooled thermoelectric air-conditioner,
the best input current density range should be 0.62
A/mm’ to 6.04 A/mm’.

(2) Compared with the cooling temperature difference
AT=5 K, the maximum refrigeration rate density of
AT=10 K and 15 K decreases by 13.99% and 27.98%,
respectively. And the maximum COP decreases by
57.27% and 76.65%, respectively.



404

(3) Increasing the filling factor of the thermoelectric
module will raise the refrigeration rate density, but the
COP will decrease. The COP is an important technical
and economic indicator of the refrigeration device.
Therefore, it is necessary to select an appropriate filling
factor according to the specific design requirements of
refrigeration device.

(4) When the air flow velocity is less than 6 m/s or the
water flow velocity is less than 3 m/s, the area thermal
resistance reduces obviously as the flow velocity raises,
and therefore the refrigeration performance is greatly
improved.

(5) The deviations are leaded by the physical
properties of thermoelectric material and incomplete
thermal insulation measures of the device. When the
input current increases from 0.5 A to 4.0 A, the deviation
of refrigeration rate rises from 4.1% to 23.42%, and the
deviation of COP changes from 7.5% to 28.38%.

The future work is to further optimize the areca
allocation of heat exchangers on both sides to obtain
better performance of thermoelectric refrigeration
devices for a fixed total area of heat exchangers. Besides,
the effect of the properties of different thermoelectric
materials on refrigeration performance and the
uncertainty propagation analysis will also be studied.
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