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Abstract: This study aims to estimate the performance of thermoelectric module (TEM) heat pump
for simultaneous liquid cooling and heating and propose empirical models for predicting the heat
exchange effectiveness. The experiments were conducted to investigate and collect the performance
data of TEM heat pump where the working fluid was water. A total of 57 sets of experimental data
were statistically analyzed to estimate the effects of each independent variable on the heat exchange
effectiveness using analysis of variance (ANOVA). To develop the empirical model, the six design
parameters were measured: the number of transfer units (NTU) of the heat exchangers (i.e., water
blocks), the inlet water temperatures and temperatures of water blocks at the cold and hot sides of
the TEM. As a result, two polynomial equations predicting heat exchange effectiveness at the cold
and hot sides of the TEM heat pump were derived as a function of the six selected design parameters.
Also, the proposed models and theoretical model of conventional condenser and evaporator for
heat exchange effectiveness were compared with the additional measurement data to validate the
reliability of the proposed models. Consequently, two conclusions have been made: (1) the possibility
of using the TEM heat pump for simultaneous cooling and heating was examined with the maximum
temperature difference of 30 °C between cold and hot side of TEM, and (2) it is revealed that TEM
heat pump has difference with the conventional evaporator and condenser from the comparison
results between the proposed models and theoretical model due to the heat conduction and Joule
effect in TEM.

Keywords: thermoelectric module; thermoelectric heat pump; non-vapor compression system;
empirical model; heat exchange effectiveness

1. Introduction

Thermoelectric modules (TEMs) have been studied as an emerging technology for realizing
a non-vapor compression heat pump that is applicable to the air conditioning of buildings [1].
Many researchers have focused on TEM owing to its advantages, such as compact size, simple control,
no refrigerant, noiseless operation, higher reliability without moving parts, and a longer lifetime than
electrical compressors [2,3]. TEM is a solid-state technology, whereby an electric voltage makes a
temperature difference in a pair of n- and p-type semiconductor based on the Peltier effect. At the
same time, the heat conduction is occurred from the hot side to the cold side due to its thin thickness.
Also, TEM generates the heat by itself due to the electrical resistance that is based on the Joule effect [4].
Therefore, the thermal efficiency of a TEM can be determined using Seebeck coefficient that is related
to the Peltier effect, heat conductivity and electrical resistance. These three coefficients of materials is
defined using so-called dimensionless figure of merit (ZT) that is directly proportional to the square
of Seebeck coefficient and is inversely proportional to the heat conductivity and electrical resistance.
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However, the ZT value of commercialized TEM is not sufficiently high to be competitive with vapor
compression [5]. Although, the TEM is not widely used due to the lack of high energy efficiency in
existing TEM products [6,7], many researches were conducted in improving various aspects.

The potential of TEM for cooling applications in buildings has been investigated in several studies.
Tan and Zhao [8] proposed a thermoelectric cooling system for space cooling in a building, with a phase
change material serving as storage for the cooling source during night time, to save cooling energy
consumption. Irshad et al. [9] developed a thermoelectric air duct system assisted by a photovoltaic
(PV) wall for space cooling. Using experiments and simulations, they investigated the optimum design
of the system considering the temperature difference between the hot and cold sides of the TEM with
cooling capacity. Liu et al. [10] suggested a PV-assisted thermoelectric cooled ceiling combined with
a displacement ventilation system. They used TEM for dehumidifying the fresh air and cooling the
ceiling panel that is powered by PV system. In the same way, the TEM can also be used for heating
purposes. Allouhi et al. [11] investigated the possibility of using a thermoelectric heating system to
serve an office room. Similar to an air source heat pump, the TEM cools exhaust air at the cold side and
releases heat at the hot side that is used to heat the supply air during winter. They indicated that their
proposed system consumed 55 to 64% less energy compared with a conventional electric air heater.
Wang et al. [12] suggested a thermoelectric heating system powered by PV and a micro wind turbine.
Their system showed energy savings of 64% and CO, emission reductions of 4305.4 kg/year.

These studies focused on the cooling and heating applications of TEM in building and examined
the feasibility of applications. Also, the models were developed to analyze the thermal and energy
performances. However, most studies in the field of TEM have not dealt with simultaneous using
of cooling and heating such as in the field of conventional vapor compression heat pump [13,14].
There are some literatures investigating TEM applications providing simultaneous cooling and heating
of working fluids. Yilmazoglu [15] estimated the performance of a thermoelectric air cooling and
heating system based on a numerical analysis and experiments, and showed the potential of TEM for
simultaneous air heating and cooling, with a coefficient of performance (COP) of 4.1 for heating and 0.7
for cooling. Ramousse and Perier-Muzet [16] proposed a design method for a thermoelectric heat pump
considering minimization of entropy generation. Their system consists of multi-channel heat exchangers
for simultaneous cooling and heating of working fluids. They indicated the optimal ratio of the heat
exchange area for heating to that for cooling was 4.0 in their proposed thermoelectric heat pump.

However, very limited studies have investigated the characteristics and behaviors of a thermoelectric
heat pump, despite of its advantages [15,16]. The thermoelectric heat pump is expected to show different
thermal behaviors with a conventional heat pump because the heat absorption (i.e., evaporator) and
rejection (i.e., condenser) are occurred just within 3.5 mm to 4 mm distance in the TEM, while the
condenser and evaporator in the conventional heat pump are thermally well separated. In addition, the
cooling and heating effects of the thermoelectric heat pump are based on the Peltier effect, while those
of the conventional heat pump are depending on the latent heat variation required in the phase change
of a refrigerant. Consequently, in this study, the empirical models were developed to predict the heat
exchange effectiveness of the thermoelectric heat pump at the hot and cold sides. The outlet fluid
temperatures at the hot and cold sides can also be predicted based on the heat exchange effectiveness,
as determined by the proposed models. To develop the empirical models, the experimental data of
a thermoelectric heat pump for simultaneous cooling and heating of a working fluid were collected
during real operation under a controlled environment. The impact of each design parameter and
interactions between design parameters on the heat exchange effectiveness at the hot side and cold side
were also evaluated by statistically analyzing the collected data. Two quadratic equations predicting
the heat exchange effectiveness of the thermoelectric heat pump at the hot side and cold side were
derived as a function of the selected physical and dimensionless parameters.
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2. System Overview

Figure 1 shows the thermoelectric heat pump that is used in this study for the simultaneous cooling
and heating of water. The water blocks, hollow aluminum blocks having channels for water flowing
inside were attached onto both the hot and cold sides of the TEM. The water block works as a sensible
heat exchanger between the water and the TEM surface at constant temperature. Teflon insulation was
inserted between two water blocks to minimize the heat conduction from the hot side to the cold side
of the TEM.

A total of six TEMs with water blocks were connected in series. The series connection was selected
to investigate the larger temperature difference between inlet and outlet of TEM heat pump. The water
was supplied to the water blocks through 8-mm diameter polyvinyl chloride pipes by two self-priming
diaphragm water pumps. The pipes were insulated with foam-rubber insulation to minimize the heat
transfer to the surroundings. Water blocks were also covered with compressed polystyrene foam to
insulate unnecessary heat exchange with the surroundings. The pumps had variable flow, with a
maximum water flow rate of 0.034 kg/s and a maximum head of 3 m [17].

TEM

Insulation Water block

(a) TEM cooling and heating unit.

Outlet Heating fluid
Cooling fluid

Inlet

@® Measurement positions (Surface) O Measurement positions (Water)

(b) TEM heat pump

Figure 1. Thermoelectric heat pump test setup.

Table 1 shows the technical specifications of the TEMs that were used in this study. The max
cooling capacity of TEM is measured when the temperature difference between cold and hot side of
TEM is 0 °C under the hot side temperature of 25 °C and 50 °C. Also, the max temperature difference
between cold and hot side of TEM is measured when the cooling capacity of TEM is 0 W under the
hot side temperature of 25 °C and 50 °C. When direct current flows into a TEM, heat absorption and
release occur at the cold side and hot side of the TEM, respectively. The material of TEM we used was
bismuth telluride (Bi;TE3) and it is a general material of commercial TEM. The performance of TEM is
quantified by using the dimensionless figure of merit and its value was 0.73. A switched-mode power
supply (SMPS) was used to control the input current and voltage to the TEM. The SMPS that was used
in this study can modulate input current and voltage within 0-30 A and 0-30 V, respectively. However,
maximum input current and voltage to the TEM were limited to 4.2 A and 24.5 V, respectively, to
prevent the break-down of the TEM.
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Table 1. The characteristics of the thermoelectric module (TEM) [18].

Description Value
Dimension 55 x 55 x 3.7
Imax 6.0 A
Vmax 282V
106 W (Tyo = 25 °C)
Qmax 120 W (Tjyg = 50 °C)

68 °C (Thot = 25 °C)

ATmax 77 °C (Tpet = 50 °C)

3. Experiments Design

3.1. Measurement Parameters

In this study, the operating parameters of the TEM heat pump, i.e., input current (I), hot-side
inlet fluid temperature (T}, ;,,), hot-side water flow rate (111, ;,), cold-side inlet fluid temperature (T ;,),
cold-side water flow rate (11.,4), and the heat exchange area (Ay,), were selected. The heat exchange
area is the surface area of channels inside the water block, as shown in Figure 2. Each water block had
a heat exchange area of 0.00455 m2. In the experimental system, six TEMs were used, and water blocks
were attached onto the cold and the hot sides of each TEM, as shown in Figure 1. Therefore, the total
heat exchange area at the cold or the hot sides of the TEM heat pump could be varied from 0.00455 m?
to 0.02730 m? during the experiment, depending on the number of activated TEMs.
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S — —
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Figure 2. Sectional diagram of the water block.

In order to design the series of experiments, the operating ranges (i.e., minimum and maximum
values) of each parameter were determined. In the experimental TEM heat pump, the operable ranges
of input current and water flow rate were 1 A to 4.2 A and 0.01 kg/s to 0.02 kg/s, respectively. The inlet
water temperature range at the cooling and heating sides were 15 °C to 35 °C and 45 °C to 65 °C,
respectively, which are the common inlet water temperature ranges in building mechanical system
applications. The experimental cases could be designed by combining the minimum and maximum
values of each operating parameter. However, in order to consider the impact of the non-linearity
of each parameter on the heat exchange effectiveness, intermediate values within the predefined
operating range of each parameter were also considered in the experiment design. Table 2 shows the
values of operating parameters that are considered in the series of experiments for obtaining data on
the heat exchange effectiveness at both the cold and hot sides of the TEM heat pump.
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Table 2. Operating parameters and ranges.

L. Ranges
Description

Min. Intermediate Values Max.

I(A) 1 2.5 42

Thin (°C) 45 55 65

Tein (°C) 15 25 35
tig,  (kg/s) 0.010 0.014 0.020
My,c (kg/s) 0.010 0.014 0.020
Apy (m?) 0.005 0.014 0.027

As for the experiment design, we used a central composite design (CCD) approach with face
centered method that is useful in response surface methodology (RSM) for developing a second
order quadratic model that returns the heat exchange effectiveness. In CCD, the experimental cases
were defined from three experiment design matrices: the 2 factorial design matrix, the axial point
matrix, and the center point matrix [19]. The 2K factorial design matrix is a combination of minimum
and maximum values of each variable, where k is the number of variables. The axial point matrix
is composed of the minimum or maximum value of one variable, and the intermediate values of
the remaining variables. Therefore, the number of experimental sets for the axial point matrix is 2*.
A center point matrix is composed of the intermediate values of all the variables. Consequently, a total
of 77 experiment sets, i.e., 64 sets from the 2k factorial design matrix, 12 sets from the axial point matrix,
and one set from the center point matrix, were established.

In each experiment, the input current (I) was controlled by using SMPS, and water flow rates
(m) were modulated by the direct current motor speed controller for the pumps. The inlet water
temperatures (T;,) were adjusted by using electric water heaters. The heat exchange area (A,) was
varied by changing the number of activated TEM units. Outlet fluid temperatures at the hot side
(T}, 0ut) and cold side (Tu:) were measured in each experiment.

Temperature measurements were performed using a T-type thermocouple (Omega Engineering,
Inc., Norwalk, CT, USA, Error rate £0.5 °C) with MV1000 data logger applicable within the range
of —200 to 400 °C with £0.5 °C accuracy [20]. Inlet and outlet fluid temperatures, and water block
temperatures at the hot and cold sides of the TEM heat pump were measured at the total 16 measurement
points (Figure 1b). The data was logged for 10 min at one-second intervals in each measurement when
the temperatures at all of the measurement points were sufficiently stable. The input current and water
flow rates were consistently maintained at their set points in each experiment.

3.2. Operation Data

Among the 77 experiment sets, 57 sets of measurement data (Data table in supplementary file)
were used for developing the heat exchange effectiveness model of the TEM heat pump, while 20 sets
of measurement data were excluded because the TEM heat pump did not produce meaningful water
temperature variation between the inlet and outlet at both the hot side and cold side. The water
temperature differences in the excluded data sets were smaller than the accuracy of the temperature
sensor (i.e., £0.5 °C).

Negligible water temperature differences between the inlet and outlet of the TEM heat pump
were observed when the inlet water temperature difference between the hot and cold sides was too
large, which showed that the Seebeck effect had overridden the Peltier effect. In the Seebeck effect,
heat is transferred from the hot side to the cold side, and the TEM generates electricity. Conversely,
in the Peltier effect, heat is transferred from the cold side to the hot side by supplying electric power
from outside, and the TEM works as a heat pump. These two effects occur simultaneously; therefore,
if one wants to use the TEM as a heat pump, then the Peltier effect should be more dominant than the
Seebeck effect, which can only occur if the magnitude of input current that is supplied is enough to
offset the Seebeck effect; otherwise, the TEM heat pump cannot produce a meaningful difference in the
temperature of water at the inlets and outlets on both the hot and cold sides of the TEM.
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Figure 3 shows the representative experiment data sets (i.e., Case 9 from the table in supplementary
file). One can see that, when the TEM heat pump was activated, the temperature difference between
the cold and hot side water blocks increased rapidly, and the outlet water temperatures were
close of those of the water blocks at both sides. Using Equations (1) and (2), the heat exchange
effectiveness values were calculated, and average values of 0.828 and 0.809 were obtained for cooling
and heating, respectively.
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Figure 3. Performance of thermoelectric heat pump in Case 9.

3.3. Uncertainty Analysis

The uncertainty analysis was performed to verify the experiments that were based on the ASHRAE
guidelines [21] and previous studies [22,23]. The overall uncertainty consists of propagation of error
(by) and random error (py), as shown in Equation (3). The propagation error (by) is the uncertainty
propagated through a data reduction equation. In this study, heat exchange effectiveness is calculated
using measured temperatures of the inlet, outlet, and surface. Therefore, the propagation error is
calculated using Equation (4), based on the heat exchange effectiveness in Equations (1) and (2).
The fixed error (by,) is obtained by multiplying the sensor error in the technical specifications and the
standard deviation of the measured parameter. The random error (py) is derived using Equation (5)
based on the standard deviation and mean value of the data. The overall uncertainty values are
summarized in Table 3. All of the temperatures values were lower than the value of the accuracy of
the temperature sensor. Moreover, the overall uncertainty values of the heat exchange efficiencies for
cooling and heating were below 0.03 (i.e., 3%).
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Table 3. Overall uncertainty of measured data.

Ty in (°C) T in (°C) T, out (°C) Te,out (°C)
0.07 0.05 0.06 0.05

Th,surf (°O) T surf (°C) e () e )
0.04 0.03 0.025 0.013

4. Heat Exchange Effectiveness Prediction Model

4.1. Model Parameters

The water blocks that are attached on the hot and cold sides of the TEM work as a condenser and
an evaporator, respectively, exchanging sensible heat between the water and the channel surface of the
water block at constant temperature. In general, the effectiveness of the condenser and the evaporator
can be expressed as a function of the number of transfer units (NTU) [24]. Consequently, the heat
exchange effectiveness of the water blocks at the hot and cold sides of the TEM heat pump can also be
derived as a function of NTU. Once the effectiveness of the water block is predicted by the proposed
effectiveness-NTU relationship, the outlet fluid temperatures at the cold and hot sides of the TEM heat
pump can be estimated.

The developed empirical model was derived as a function of six design parameters: NTU of the
water block at the cooling side (NTU,) and heating side (NTU},), inlet fluid temperature at the hot side
(Th,in) and the cold side (T ), and temperature of the water block at the cold side (T} 5,,s) and hot
side (T surp)- The NTUs were calculated using Equation (6). The convection heat transfer coefficient
(k) at the channel surface was determined by using Equation (7), where the heat conductivity (x) of
water was 0.6 W/m-°C and diameter of pipe (d) was 6 mm. The Nusselt number (Nu) was determined
by using Equation (8) [25], which is recommended for turbulent flow in tubes, because the Reynolds
number (Re) (Equation (9)) of the water flow in the channels of the water block was varied from 2380
to 9600 during the experiment. The Prandtl number (Pr) of the water was assumed to be constant (i.e.,
1.75), and the friction factor (f) was calculated by using Equation (10) [26].

_ hAy,

NTU = —~ (6)
r
Nu x x
h=— @)
Nu — (f/8) x (Re —1000) x Pr 0.5 < Pr <2000 ®)
1+ 127(/8)%° (Pr% _ 1) 3% 10% < Re < 5 x 10°
Re = pZd )
f=(0.79 x In(Re) — 1.64) > (10)

4.2. Model Derivation

A statistical analysis for developing the model was conducted using design expert version 10,
which provides the analysis of variance (ANOVA) with RSM [27,28]. Based on the operation data sets
with 4617 samples, two heat exchange effectiveness models for the cooling and heating sides of the TEM
heat pump were developed as functions of six design parameters using RSM. An ANOVA was used to
statistically estimate the significance of the model parameters and their interactions in the proposed
models. Table 4 shows the selected model parameters and the results of the two-way ANOVA. The two
factor interactions showed high significance (i.e., p-value < 0.05) on heat exchange effectiveness at the
cooling (i.e., evaporator) and the heating (i.e., condenser) sides of the TEM heat pump.
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Table 4. ANOVA results of the heat exchange effectiveness of the water block.

Title Source Sum of Squares df Mean Square F-Value (1’70;(:@1:;)
Model 334.66 20 16.73 4121 0
A: NTU, 0.07 1 0.07 16.5 0
B: NTUj,, 22 1 22 540.6 0
C: Tein 1.71 1 1.71 421.3 0
DZ Th,in 066 1 066 1617 0
E: T sy 1.39 1 1.39 342.6 0
F: T sy 1.26 1 1.26 309.9 0
AB 4.3 1 4.3 1058.8 0
AC 1.25 1 1.25 308 0
Heat exchange AD 1.67 1 1.67 4119 0
effectiveness of the AE 0.35 1 0.35 85.8 0
water block at the AF 1.22 1 1.22 299.8 0
cooling side BC 1.02 1 1.02 250.3 0
BD 1.4 1 14 344.8 0
BE 0.51 1 0.51 125.1 0
BF 1.78 1 1.78 439.5 0
CE 0.13 1 0.13 31 0
CF 0.28 1 0.28 68 0
DE 2.4 1 2.4 590.1 0
DF 0.46 1 0.46 112.4 0
EF 1.19 1 1.19 293.7 0
Residual 18.66 4595 0 - -
Cor Total 353.31 4615 - - -
Title Source Sum of Squares df Mean Square  F-Value (I’J:;{jl:;)
Model 65.43 26 2.52 1333.9 0
A: NTU, 0.03 1 0.03 17.6 0
B: NTU,, 0.03 1 0.03 15.1 0
C: Tein 0.29 1 0.29 1524 0
D: Ty, in 9.8 1 9.8 5193.9 0
E: Tesurf 0.75 1 0.75 398 0
F: T surf 6.46 1 6.46 3423.7 0
AB 0.08 1 0.08 41.5 0
AC 0.51 1 0.51 270.6 0
AD 0.3 1 0.3 157.3 0
AE 0.54 1 0.54 283.7 0
AF 0.28 1 0.28 149.6 0
Heat exchange BC 0.41 1 0.41 217.4 0
effectiveness of the BD 1.16 1 1.16 617.4 0
water block at the BE 0.4 1 0.4 211 0
heating side BF 0.88 1 0.88 466 0
CD 0.31 1 0.31 166.4 0
CE 0.05 1 0.05 26 0
CF 0.2 1 0.2 108.4 0
DE 0.24 1 0.24 128.8 0
DF 0.2 1 0.2 107.1 0
A? 0.16 1 0.16 83.3 0
B2 0.04 1 0.04 19 0
C? 0.11 1 0.11 58.6 0
E2 0.09 1 0.09 46.8 0
F? 0.02 1 0.02 11.9 0
Residual 8.66 4589 0 - -

Cor Total 74.09 4615 - -
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Equations (11) and (12) are the proposed models that return the heat exchange effectiveness at
the cooling side and heating side of the TEM heat pump, respectively. The model coefficients are
summarized in Table 5, and the valid ranges of each model parameter are described in Table 6.

gce=0g+ a1 X NTU, +ar x NTUy, + a3 X Tc,in +ag X Th,in + a5 X Tc,surf + ag

X Th,surf +a7 x NTUe x NTUp +ag X NTU; X T iy + a9 X NTU,
X Th,in + a0 X NTU, X Tc,surf +a11 X NTU, X Th,surf +a1p X NTU

11
X Tc,in + a3 X NTUh X Th,in + g X NTUh X TC,Surf + 15 X NTU;, ( )
X Th,surf + a6 X Tc,in X Tc,surf + a1y X Tc,in X Th,surf + w18 X Th,in
X Tc,surf + 19 X Th,in X Th,surf + app X Tc,surf X Th,surf
ey =09+ a1 X NTU; +ap x NTUp, + az X Tc,in —+ 0y X Th,in + a5 X Tc,surf + g
X Th,surf +ay X NTU. x NTUp +ag x NTU¢ x T j + a9 X NTU,
X Th,in + &1 X NTU, x Tc,surf + 1 X NTU, x Th,surf +qp X NTUh
X Tc,in + &3 X NTUh X Th,in + x4 X NTUh X Tc,surf + &5 X NTUh (12)
X Th,surf + a6 X Tc,in X Th,in + a7 X Tc,z'n X Tc,surf + a8 X Tc,in
X Th,surf + 9 X Th,in X Tc,surf + app X Th,in
X Th,surf + a1 X Tc,surf X Th,surf +axp X I\]TUC2 + a3 X I\[Tuh2 + a4
X Tc,in2 + a5 X Tc,sm'f2 + &6 X Th,surf2
Table 5. Model coefficients.
Title g %1 %3 a3 g a5
1.32386 2.13151 —0.21917 —0.07775 —0.10210 0.14882
73 &7 &g X9 x10 x11
Heat exchange 0.02493 1.54234 ~0.20965  —0.15685 0.14243 0.11509
effectiveness of the N a N a o o
12 13 14 15 16 17
waterblockatthe ) 57, 008917  —0.12650  —0.09076  —0.00059  0.00174
cooling side
x1g x19 x20
0.00252 0.00064 —0.00428
Title a0 %1 %3 a3 g a5
1.36779 —2.02188 1.02213 0.12883 —0.02411 —0.10955
73 &7 xg X9 X10 x11
—0.02268 2.42325 0.34868 0.08469 —0.31819 —0.08379
Heat exchange N N N N N N
. 12 13 14 15 16 17
effectiveness of the 1907 10530 0.17723 010283  —0.00661  0.00933
water block at the u u N o N o
: : 18 19 20 21 22 23
heating side 0.00523 0.00594 000117  —0.00459  —1.76450  —0.98080
X2g ®25 X26
—0.00640 —0.00313 —0.00068

Table 6. The valid range of the proposed model.

Design Parameter NTU, NTU,, T, in T in Te surf T, surf
Low 0.09 0.19 15.4 42.1 12.3 449
High 091 1.50 37.6 65.4 34.0 76.6

Normal probability plots of the proposed models shown in Figure 4 had good shapes. The R?
values of the models were 0.947 for cooling and 0.883 for heating, as shown in Figure 5.
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Figure 4. Normal plot of residuals.
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Figure 5. Comparison of predicted heat exchange effectiveness with experimental results.

4.3. Model Validation

In this section, the proposed models were validated using additional experiment results and the
conventional model for evaporator or condenser. For getting actual operation data for the model
validation, a series of experiments were additionally conducted by designing experiments by using
2k factorial experiment design. Table 7 shows the minimum and maximum values of operating
parameters defined for designing additional experiments. Total 32 experiment sets with 2060 data
samples were acquired and used for the model validation.

Table 7. Operating parameter ranges for model validation (A4j, = 0.014 m?).

Description

1(A)
Tin (°C)
Tc,in (OC)

mw,h (kg/s)
mw,c (kg/S)

Ranges
Min. Max.
1.8 3.4
23 30
52 60
0.014 0.017
0.014 0.017
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For validating the proposed empirical models, heat exchange effectiveness values (e, €,) were
initially predicted by using the proposed models (i.e., Equations (11) and (12)), based on inlet water
temperatures (T, Tj, »), the water block temperatures (T s, T surf), and NTU values (NTU, NTUp)
measured at the cooling and heating sides in the additional measurements. Then, by using Equations (1)
and (2), outlet water temperatures (T out, Tj o) leaving the TEM heat pump were predicted for
comparing them with the actual outlet temperatures that were measured in the additional experiments.

On the other hand, the waster block temperatures at the cooling or heating sides of the TEM heat
pump should be maintained constantly under a given operating condition; therefore, in theory, one
might also estimate the outlet water temperatures using Equation (13) with the assumption that the
water was cooled or heated through the pipe with a constant surface temperature (13) [24].

Tour = Tsurf - (Tsurf - Tin) exp(—NTU) (13)

In Figure 6, the predicted outlet water temperatures that were acquired from the proposed
empirical models and from the theoretical equation (Equation (13)) for the convection heat transfer of
the internal flow in a pipe at constant surface temperature were compared with the actual outlet water
temperatures measured in the additional experiments. Figure 6a shows the comparison results of
outlet water temperatures leaving the cold-side of the thermoelectric heat pump. One can see that the
cold-side outlet water temperatures that were predicted by the proposed model agreed very well with
the actual temperatures within 2% error bound, while those predicted by Equation (13) were relatively
lower and were less in agreement with the actual temperatures. This observation also clearly shows
that, in the thermoelectric heat pump, the cooling effectiveness at the cold-side is lower than that of
the evaporator in a conventional heat pump under the identical evaporating temperature because of
the heat that was transferred from the hot-side of the thermoelectric pump and heat generation by the
Joule's effect in TEMs.

On the other hands, at the hot-side of the thermoelectric heat pump, the outlet water temperatures
predicted by proposed model agreed well within 2% error bounds with the actual measured outlet
temperatures as shown in Figure 6b. Interestingly, one can also see that the outlet water temperatures
predicted by the theoretical condenser equation were also well matched with the measured data within
2% error bounds.
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Figure 6. Prediction results of the outlet temperature using the empirical and theoretical models.

From this observation, one can conclude that the undesirable heat transfer between the hot side
and cold side in the TEM heat pump has less negative impact on the heating effect at the hot side
when compared with the cooling effect at the cold side. It seems that the heat generation by the Joule’s
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effect in the TEMs offset the heat loss to the cold side, so that the predicted outlet temperatures at the
hot side using proposed model and Equation (13) agreed better. However, the heat transferred by
conduction [4] from hot side to cold side reduced the cooling effect at the cold side of the thermoelectric
heat pump, which caused discrepancy between the outlet water temperatures at the cold side predicted
by the proposed model and those that were determined by Equation (13).

5. Conclusions

The objective of this study was to investigate the thermodynamic behavior of a thermoelectric
heat pump when it is used for simultaneous liquid cooling and heating. Based on the experimental
data, empirical models for predicting heat exchange effectiveness at the cooling and heating side
of the thermoelectric heat pump were suggested. The proposed models were developed using
non-dimensional parameters of NTUs, inlet fluid temperatures, and water block temperatures at both
the cooling and heating sides of the thermoelectric heat pump. Each parameter showed significant
effects on the heat exchange effectiveness in the ANOVA analyses. The R? values of the proposed
model predicting the heat exchange effectiveness at the cooling side (i.e., evaporator) and heating side
(i.e., condenser) of the thermoelectric heat pump were 94.7% and 88.3%, respectively.

The proposed models were validated using an additional 32 sets of measurement data and were
compared with the theoretical model for evaporator and condenser of the conventional heat pump.
The proposed models showed good agreement with the additional measurement data within 2% error
bounds when the outlet water temperatures were predicted. In the comparison with the theoretical
evaporator and condenser model, one could see that the outlet water temperatures that were predicted
by the theoretical condenser equation were well matched with the measured data and those estimated
by proposed models within 2% error bounds. However, one could also see that the cold-side outlet
water temperatures predicted by the proposed models and measured data were relatively less agreed
with those predicted by the conventional evaporator model. It seems that, in the thermoelectric heat
pump, the cooling effectiveness at the cold-side is lower than that of the evaporator in a conventional
heat pump under the identical evaporating temperature because of the heat transferred from the
hot-side of the thermoelectric pump and heat generation by the Joule’s effect in TEMs. On the other
hand, the heat generation by the Joule’s effect in the TEMs offset the heat loss to the cold side, so that
the heat transfer between the hot side and cold side in the thermoelectric heat pump has a negligible
impact on the heating performance at the hot side. In conclusion, it is necessary to use the proposed
models in the design and analysis of thermoelectric heat pumps for liquid cooling and heating within
the practical operation ranges indicated in this study. However, more experimental researches would
be necessary to extend the valid ranges of the proposed models or when TEMs with different electrical
and thermal performances are used in the thermoelectric heat pump.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1996-1073/11/3/580/s1,
Table S1: Operating data of the thermoelectric heat pump.
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Nomenclature

A Area (m?)

by Fixed error

by Propagation of error

Cp Specific heat (kJ /kg-°C)

d Diameter of pipe (m)

f Friction factor

h Convection heat transfer coefficient (W/m? - K)
I Input current (A)

m Mass flow rate (kg/s)

M Mean value

N Number of multiple tests

Nu Nusselt number

Pr Prandtl number

Py Random error

Re Reynolds number

S, Standard deviation of result
T Temperature (°C)

uy Overall uncertainty

|4 Velocity of flow (m/s)

ZT Dimensionless figure of merit
Abbreviations

ANOVA Analysis of variance

CCD Center composite design
NTU Number of transfer units
RSM Response surface methodology
SMPS Switched mode power supply
TEM Thermoelectric module
Greek Symbls

o Model coefficient

€ Effectiveness

K Heat conductivity (W/m-°C)
U Viscosity (kg/ms)

0 Density (kg/m?)

Subscripts

c Cold

h Hot

hx Heat exchange

in Inlet

out Outlet

surf Surface

w Water
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