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Abstract

This paper presents a numerical model to predict the performance of thermoelectric generator with the parallel-plate heat exchanger. The model
is based on an elemental approach and exhibits its feature in analyzing the temperature change in a thermoelectric generator and concomitantly
its performance under operation conditions. The numerical simulated examples are demonstrated for the thermoelectric generator of parallel flow
type and counter flow type in this paper. Simulation results show that the variations in temperature of the fluids in the thermoelectric generator are
linear. The numerical model developed in this paper may be also applied to further optimization study for thermoelectric generator.
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1. Introduction

Thermoelectric generator is a useful device for direct energy
conversion. Due to its relatively low conversion efficiency the
applications in electrical power generation has been restricted in
specialized fields, such as medical, military and space applica-
tions over the past. However, thermoelectric generators present
potential application in the conversion of low-grade thermal
energy into electrical power. Especially for waste-heat recovery,
itis unnecessary to consider the cost of the thermal energy input,
and thus the low conversion efficiency is also not an overriding
consideration [1]. Therefore, in the past more efforts have been
bestowed in thermoelectric generators to develop its applications
for high power generation.

Wu [2] performed theoretical analysis on waste-heat ther-
moelectric power generators. In this study, a real waste-heat
thermoelectric generator model was presented based on account-
ing for both internal and external irreversibility to predict
realistic specific power and efficiency. The internal irreversibil-
ity is caused by the Joulean loss and conduction heat transfer,
and the external irreversibility is caused by the temperature
differences between the hot and cold junctions and the heat
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source and sink in the real waste-heat thermoelectric generator.
Therefore, this approach gave a much more realistic genera-
tor specific power and efficiency prediction than does the ideal
thermoelectric generator. Rowe and Gao [3] developed a pro-
cedure to assess the potential of thermoelectric modules when
used for electrical power generation. The method was used to
evaluate several commercially available modules and the results
showed that a thermoelectric module is a promising device for
low-temperature waste-heat recovery. Chen and Wu [4] used an
irreversible model to study the performance of a thermoelec-
tric generator with external and internal irreversibility. In this
study, the optimal range of the parameter for device-design was
determined and the problems relative to the maximum power
output and maximum efficiency were discussed. Esarte et al. [5]
applied a NTU-¢ methodology to study the influence of fluid
flow rate, heat exchanger geometry, fluid properties and inlet
temperatures on the power supplied by the thermoelectric gen-
erator. The work could provide some guidelines for determining
the optimum operating parameters of thermoelectric generator.
Stevens [6] proposed an approximate procedure for the opti-
mal coupled design of a thermoelectric generator with a small
temperature difference. In this analysis, an approximate optimal
design was derived that is applicable to systems with a small tem-
perature difference between the reservoirs. For a fixed thermal
resistance in the heat exchangers, the optimal configuration split
the total temperature drop evenly between the thermoelectric
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Nomenclature

A heat transfer area (m?)

B the width of fluid passage (m)

c specific heat capacity at constant pressure
kg 'K

Ci, Cp constants

de hydraulic diameter (m)

f fanning friction factor

G mass flow rates (kg s7h

h heat convection coefficient (Wm 2K 1)

H the height of fluid passage (m)

I current (A)

k heat transfer coefficient (Wm =2 K~1)

K thermal conductance of thermocouples (W K1

[ the height of thermocouples (m)

L the length of heat exchanger (m)

Nt1E the number of thermocouples
Nu Nusselt number

p power output (W)

Pr Prandtl number

(0] the rate of heat flow (W)

R electrical resistance (£2)

Re Reynolds number

Ry, the load electrical resistance (£2)

R; thermal resistance (m? K W—1)

t temperature (°C)

T temperature (K)

AT temperature difference of TE (°C)

u velocity of flow (m s_l)
the width of a single thermocouples leg (m)

X axial distance along hot fluid tube flow axis (m)

Greek symbols

o Seebeck coefficient (VK1)

n conversion efficiency

A thermal conductivity of fluids or TE material
(W(mK)~™)

P electrical resistivity of TE material (2 m)

v kinematic viscosity (m%s™1)

Subscripts

c cold side

f fluid

h hot side

m middle

TE thermoelectric

module and the heat exchangers. For heat exchanger thermal
resistances that vary with time, optimal configuration were also
derived for linear, sawtooth function and sinusoidal variations.
Chen et al. [7] investigated the characteristics of a multi-element
thermoelectric generator with the irreversibility of finite-rate
heat transfer. The effects of heat transfer and the number of ele-
ments on the performance were analyzed and concluded that the
optimal current and the optimal number of thermocouples must

be choose in the points of view of the compromise optimization
between power output and efficiency in order to obtain the best
performance. Pramanick and Das [8] conducted the study on
constructal design of a thermoelectric device. Based on finite
time thermodynamics, the model for a cascaded thermoelectric
generator was developed, which incorporated all the essential
features of a real heat engine. In the model, control volume
formulation of cascaded thermocouples was carried out over a
small but finite temperature gap to comply with the principles
of irreversible thermodynamics. Several design considerations
were also discussed for best possible device performance.

In the above literatures, those research works have mainly
been focused on the analytical analysis to a single or multi-
ple thermoelectric elements for thermoelectric generator. This
analytical method provided some significant guidelines for the
design of the thermoelectric generator in terms of the principle
of thermodynamics. However, in practical situation a real ther-
moelectric generator always combine thermoelectric modules
with the concrete heat exchangers in very large scale installa-
tions to produce useful amounts of electricity from low-grade
heat sources. Therefore, research on the constructal design of the
thermoelectric conversion systems and operating performance
also has attracted researchers’ wide attention in this area.

Suzuki and Tanaka [9] studied thermoelectric power gener-
ation with the multi-panels. Electric power was estimated in
case of the large-scale flat thermoelectric panels exposed to two
thermal fluids. The output powers of the proposed 15 systems
were analytically deduced from heat transfer theory, and writ-
ten by non-dimensional functions to reflect the characteristics
of system design. Another study on the thermoelectric power
generation with cylindrical multi-tubes was also carried out by
Suzuki and Tanaka [10]. In the study, the mathematical expres-
sion of electric power was deduced in case of the large-scale
cylindrical thermoelectric tubes exposed to two thermal fluids.
Crane and Jackson [11] investigated thermoelectric generator
with advanced heat exchangers for waste-heat recovery. Numer-
ical heat exchanger models integrated with models for BiyTes
thermoelectric modules were created and validated. The results
showed that heat exchangers with Bi, Te3 thermoelectrics could
achieve net power densities over 40 W1~!.

Generally, in the case of thermoelectric generator which
involves different types of heat exchangers, the problem of the
heat transfer through heat exchanger and the thermal energy
conversion become very complex. The more precise analy-
sis for thermoelectric generator with the concrete type of heat
exchanger should be taken into consideration in order to estimate
the device performance. The numerical analysis provides this
effective approach for evaluating performance of thermoelec-
tric generator. In particular, the numerical approaches are able
to offer much more detailed prediction over analytical method
for thermoelectric generator performance. Although, some work
has been done in previous literatures, more information such as
the temperature changes at heat exchanger and the temperature
difference through thermoelectric elements in the thermoelectric
generator with the concrete type of heat exchanger is required
to identify aspects of further improvement in the generating
performances of thermoelectric generator.
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The thermoelectric generator with the parallel-plate heat
exchanger is more appropriate for practical applications in
waste-heat recovery because its configuration is simple and
cost is low. Therefore, in this paper we present a more detailed
numerical model of thermoelectric generator with the parallel-
plate heat exchanger, which is developed based on an elemental
approach for simulating the performance of this type of thermo-
electric generator. This new study focuses on analyzing the fluid
temperature changes along the fluid passage and the temperature
difference through thermoelectric modules (TE). The effects of
the inlet temperature and flow rate of hot fluid on the perfor-
mance under operation conditions are also analyzed. This work
is intended to give some guidelines for the further design and
optimization of the heat exchangers as well as the matching of
the heat exchanger and thermoelectric designs of thermoelectric
generator for waste-heat recovery.

2. Model description

As it is known there are four types of heat exchangers for
heat transfer between two fluids classified by the directions of
hot and cold fluids. Generally, parallel flow type and counter
flow type are often selected for heat exchangers. The paral-
lel flow type is that the two fluids flow in the same direction,
whereas the fluids flow in the opposite direction at the counter
flow type. In literature [9], four types of thermoelectric power
generation system with the multi-panels were presented. In
present study, we also consider selecting the parallel flow type
or counter flow type parallel-plate heat exchanger with the com-
mercially available thermoelectric modules as the basic physical
model of thermoelectric generator. In the basic physical model
as shown in Fig. 1, it is assumed that the flat thermoelectric
modules are sandwiched between the hot and cold fluids, which
consist of multi-thermocouples with a single layer of p-type
and n-type semiconductor thermocouples. The thermocouples
along the directions of fluid path are connected electrically in
series, but in parallel for the directions perpendicular to fluid
path.

A numerical model in one-dimensional description was
developed using control volume approach along with the method
of average parameters. The control volume as shown in Fig. 1
is formulated for a set of thermocouples, which includes flow
passages on both sides of the TE modules. The following
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Fig. 1. Schematic layout of the model.

assumptions are made to simplify the complex problem of mod-
eling:

(a) The axial heat conduction within the thermocouples is
ignored, as transverse conduction along the thermocouples
will be dominant.

(b) For simplicity, thermal resistance through the plates of
parallel-plate heat exchanger, the ceramic plates and the
metallic strips of TE modules is taken into account as an
equivalent thermal resistance. All thermal contact resis-
tance arises inside TE modules as well as between the TE
modules and the parallel-plate heat exchanger plates are
ignored.

(c) The heat losses between the parallel-plate heat exchanger
and the thermoelectric modules are ignored.

(d) The control volume include a single thermocouples at least
along x-coordinate direction, and a number of thermocou-
ples along y-coordinate direction.

(e) The gap between thermocouples is ignored.

Following the above assumptions, the governing equations
for the control volume can be written based on the energy bal-
ance.

Governing equations for the heat transfer on the side of hot
fluid and cold fluid, respectively, are

dQn = —Gmem dim )]
dQOn = kn(fth — tmh) dA (2)
dQc = Grecre dife (3)
dQc = ke(fme — tc) dA ()

where heat transfer coefficient in the hot-side and cold-side heat
exchanger is given by the following equations:
. 1

~ 1/hm + Rn

_ 1

B 1/ hfc + th

where Ry, and R are the equivalent thermal resistance to the
heat flow through the hot-side and cold-side heat exchanger.

The convective heat transfer coefficient for the fluid in both
the hot-side and cold-side is calculated by [11]:
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ke

hid, N (ft/2)(Res — 1000) Pr¢
= = 72, pr2/3 )
Af 1+ 2.7(f/2) /2(Pre?/3 — 1)
d
Rep= == ®)
vE
C
fi=Ci+ — )
Rel/m

f
where for laminar flow (Ref<2100), C; =0, C,=16.0 and
m=1.0, for transition flow (2100 < Res <4000), C; =0.0054,
Cr=23x 1078 and m=-0.6667, and for turbulent flow
(Res>4000), C; =0.00128,C, =0.1143 and m =3.215. The Fan-
ning friction factor f; for the fluid flow is calculated for all flow



J. Yu, H. Zhao / Journal of Power Sources 172 (2007) 428-434 431

regimes. The property values for calculating Nusselt number are
evaluated at the local fluid temperature. In the following calcu-
lations, turbulent flow conditions are selected due to Ref>4000
at the selected operation conditions.

For the thermoelectric module in the control volume, the
corresponding energy balance equations should be written as
[4]:

1
dOn = (OlehI + K(Timh — Tine) — 212R> Ntg (10)

1
dQc = <OlecI + K(Tmh - Tmc) + 212R> NTE (11)

where [ is the current flow through a single thermocouples, NTg
the number of thermocouples, o, K and R are, respectively, the
Seebeck coefficient, thermal conductance and electrical resis-
tance of a single thermocouples.

The above differential equations are discretized along the
axial direction of the hot fluid flow, which is captured with a first
order forward difference scheme. Thus, the difference equations
are written as

A Oneiy th(i+1) — th()

Ay T OmemT— (12)
A ; th(; th(;
fh(z) B ( thei) +2fh(z+l) B tmh(i)) (13)
X
fc(z) — Gre fC(l-i-l)A fe(i) (14)
X X
AQc Ire(iy + He(i+1
A;(l) — k.B <l‘mc(i) _ C(’)ZC("H) (15)

where B is the width of fluid passage.
Accordingly, Egs. (10) and (11) for the thermoelectric model
can be also written as

1, Ax
AQniy = | «Twni)! + K(Tmny — Tey) — 51 R NTE;

(16)

1 Ax
AQci) = (aTmc(i)I + K(Twni) — Tme)) + 212R> NTE?

17)

where w is the width of a single thermocouple leg along x-
coordinate direction.

It should be noted that for heat transfer analysis of the model,
the parallel-plate heat exchanger is divided into small segments
and calculations are carried over each segment, which is denoted
i. The elemental length Ax of each segment is specified as a
multiple of the distance between adjacent thermocouple, which
is set at a constant length.

The current flow through the thermocouples aligned in series
for a given thermoelectric generator is determined by the number
of thermocouples aligned in series and the electrical resistance of
circuitload. The total voltage is the sum of the voltages generated

in each segment, which are wired in series along x-coordinate
direction. Therefore, the current can be written as
Yoz 19( TGy — Tie(i) )N

1= . (18)
Ry Ntg + Zizl(RN)i

where n=L/Ax is the number of segment, L the length of
parallel-plate heat exchanger and N = Ax/w is the number of
thermocouples in each segment.

The total current flow through the thermoelectric generator
is the summation of the current along y-coordinate direction,
which can be written as

B 23 a(Twhi) — Tmc)) NB
w/2" " (RNt + Y0 (RN);) w

The output power of the thermoelectric generator is

I, = (19)

P =Y AQni — AQci) (20)

i=1
The efficiency of thermoelectric generator is thus defined as

P
> i1 A Ona)

The solution methodology of the numerical model is imple-
mented by using an iterative method. Input parameters include
the thermophysical properties of the thermocouples, config-
uration parameters of thermocouples and parallel-plate heat
exchanger, circuit load as well as the inlet fluids temperatures
and mass flow rate to the parallel-plate heat exchanger.

n = @1

3. Simulation results and discussion

In the following numerical simulation, the working fluid
will be water and the thermoelectric modules are commer-
cially available the BiTe3 semiconductor. For the exchanger
geometry, a unit passage of hot and cold fluid has a
length of around 1.14m and a cross-sectional area of about
12x1072m x 6.0 x 1073 m. The single thermocouple has
a height of around 2.0 x 1073 m and a cross-sectional area
of about 1.5 x 1073 m x 1.5 x 10~ m These dimensions are
selected based on taking into account the available ther-
mocouples size of the commercial thermoelectric module
and constraining the heat transfer process of heat exchanger
to turbulent flow conditions for having better heat transfer
coefficient. The thermophysical values of BiTe3 semicon-
ductors will be used for the thermocouples. The relevant
parameters are o =2.2 X 104VK L A=1.5WK!m!, and
p=1.0x 107> Q@ m [12]. The copper materials are used for the
plates of parallel-plate heat exchanger, and the metallic strips
of thermoelectric module. The thickness of the plates and the
metallic strips are 1.0 x 1073 and 1.0 x 1073 m, respectively.
The ceramic plates are made of Al,O3 materials, and the thick-
ness of the ceramic plate is 7.0 x 10™* m. The thermophysical
properties of these materials are determined using the inlet tem-
peratures of working fluids, and are considered as constant
during whole heat transfer process.
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The inlet temperature and the flow rate of cold fluid are kept at
a constant, but the inlet temperature and the flow rate of hot fluid
are selected as variable parameter for different analytical cases.
Due to selecting water as the working fluid in current simulation
examples, the inlet temperature of cold water could be selected at
the normal atmospheric pressure. For the inlet temperature of hot
water, it is selected over 100 °C by assuming the corresponding
pressure over the normal atmospheric pressure in order to facili-
tate the simulation, although selecting hot water/glycol mixture
fluids could be more appropriate for the temperature over 100 °C
in practical applications. In current simulation examples, the rel-
evant thermophysical property of hot water values are evaluated
at the corresponding water temperature and pressure. The above
correlation on the heat transfer coefficient in the model could be
still chosen because the Reynolds number and Prandtl number
are within the extent of its validation.

In addition, the load resistance is selected to equal the effec-
tive internal resistance of the thermoelectric modules so that the
maximum power output of a thermoelectric module could be
achieved.

The simulation was carried out for both parallel flow type
and counter flow type of exchanger at the same geometrical
dimension of exchanger and thermophysical values of BiyTes
semiconductors. The following results are obtained when the
inlet temperature of cold fluid is #(1) =32 °C and the flow rate
is kept at a constant. The inlet temperature and the flow rate of
hot fluid are shown in relevant figures for different analytical
cases.

Fig. 2 shows the temperature variation of fluid flow for par-
allel flow type and counter flow type. As it can be seen in Fig. 2,
the temperature variation tendency of hot and cold fluid flow
along the axis of a thermoelectric generator in this model is
similar to that in the ordinary heat exchanger. Nevertheless,
the variations in temperature are almost linear case, which is
different from logarithmic variation occurred in the ordinary
heat exchanger. This special feature in the parallel-plate heat
exchanger of thermoelectric power generation is due to See-
beck effect in the thermoelectric modules. The Seebeck effect
make certain amount of energy from high-temperature fluid
be taken away as electricity, and thus the heat flow from the
high-temperature fluid is not equal to the heat flow to the low-
temperature fluid. This could lead to the linear variation in the
temperature of fluids.

Changes in fluid temperature would result in corresponding
changes in temperature difference ATy between hot side and
cold side of thermoelectric modules. Fig. 3 shows the variation of
the temperature difference of thermoelectric modules for parallel
flow type and counter flow type. As shown in Fig. 3, for a given
inlet temperature of the fluids, there is a significant variation in
temperature difference ATy, for parallel flow type, but relatively
smaller variation for counter flow type. However, the average
temperature difference in parallel flow type is basically equal
to the average temperature difference in counter flow type. This
also means the maximum power output follows the same trend
to this two flow types.

In general, the power output and the conversion efficiency
depend mainly on the inlet temperature of hot fluid for a given

151 — . T . . . —39
150 138
149 F q37
~ 148} 136
O 9
~ <
£ 147F 135 =
146 | J34
M5 Gp=6.6x10"%kg 5! 13
20 -l
s G=7.2x10"kg s 13
143 1 1 1 1 1 1 1 3]
0.0 0.2 0.4 0.6 038 1.0 12
X (m)
152 T T T T T T T 44
150 b
H42
148 L
J40
146
& 1aaf —n 18 O
= — L =
142 136 =
140
{34
138 G1h=6.6x10‘2kg 5!
136k Gp=7.2x10%kg s 132
134 1 1 1 1 1 1 1 30
0.0 02 04 06 0.8 1.0 12
x (m)

Fig. 2. The temperature variation of hot-fluid flow for two types of parallel-plate
heat exchanger: (a) counter flow type and (b) parallel flow type.
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Fig. 4. The variation of the power output and the conversion efficiency with the
inlet temperature of hot fluid for counter flow type.

thermoelectric generator. Fig. 4 illustrates the variation of the
power output and the conversion efficiency with the inlet tem-
perature of hot fluid for counter flow type when cold fluid
temperature is 32 °C. It can be observed that, the power out-
put and the conversion efficiency increases with increasing
the inlet temperature of hot fluid for a fixed flow rate. This
result from that the increases of inlet temperature lead to the
increase of average temperature difference ATy through the
modules, and thus the power output and the efficiency can be
increased. By the calculation, the efficiency of the model can
reach 6.26% when the inlet temperature of hot fluid is #m(1) =
200 °C.

Itis known the convective heat transfer coefficient is changed
when varying the fluid flow rate. This change also brings a
change in thermal resistances of heat exchanger, results in an
increase of the average temperature difference ATy through
the modules. Therefore, an increase of the power output and the
efficiency can be obtained.
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Fig. 5. The variation of power output with hot flow rate.
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Fig. 6. The variation of conversion efficiency with hot flow rate.

Fig. 5 shows the variation of power output with the hot flow
rate. As can be seen from Fig. 5, for a given inlet temperatures,
the power output increases with increasing the flow rate. It is
also found that the increase of the power output is significant
at the beginning, but the increase trend becomes smaller as the
flow rate further increases, especially at lower inlet temperature
case. Fig. 6 further displays the effects of the hot flow rate on
the conversion efficiency of thermoelectric generator. It is also
seen that as the flow rate increases, the conversion efficiency
becomes larger.

Obviously, the fluid pressure drop through the passage of
parallel-plate heat exchanger also increases when the flow rate
is increased. This causes an increase of the pump power for
driving the fluid through heat exchanger. When the pump con-
sumption is considered, the net power output of thermoelectric
generator could be the total power output minus the pump power.
Therefore, the appropriate the flow rate should be determined
to meet the optimal matching of operating conditions for real
thermoelectric generators.

4. Conclusion

A numerical model for thermoelectric generator with
the parallel-plate heat exchanger was developed based on
one-dimensional differential equations representing energy
conservation of heat exchanger. These equations are then
restructured and linked to the formulations of thermoelectric
modules. This elemental approach gives a much more detailed
prediction for the fluid temperature changes and the temperature
difference through thermoelectric modules along the channels.
The simulation results revealed the linear variations in tem-
perature of the fluids in the thermoelectric generator, which
is different from logarithmic variation case in the ordinary
parallel-plate heat exchanger. It is apparent that the numerical
model developed in this study may be also applied to further
optimization study for thermoelectric generator. This numeri-
cal model has incorporated the thermocouples with both the
contact layers (ceramic plates and the metallic strips) and the
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systems level heat exchanger. Therefore, the effective temper-
ature difference between the hot and the cold junctions can
be estimated, and the optimization of both the heat exchanger
geometry as well as the thermoelectric module geometry for
optimal waste-heat recovery performance can be simultane-
ously performed. In addition, this numerical model also provides
a basis for further analysis on net power output as the fluid
side pressure across the heat exchanger and associated pump-
ing work can be calculated by using the above Fanning friction
factor.

Further work is needed to validate the accuracy of the model
by corresponding experiment, and thus the next step is to con-
struct and operate a scaled-up thermoelectric generator with the
parallel-plate channel.
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