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Thermoelectric coolers (TECs) were used to cool a low-temperature chemical reactor (LTR). A combined theoretical/
experimental study of the heat transfer in LTR with TECs was undertaken. First, two models of a TEC with a LTR junction were
developed to evaluate the equilibrium and transient temperatures of the reactor inner wall. Next, two methods were used to deter-
mine the parameters of these models. Finally, the relationship between the transient temperatures of the reactor inner wall and
cooling times was established. The results show that the calculated results of transient temperatures are in good agreement with

the corresponding experimental data.
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A thermoelectric cooler (TEC), also known as a Peltier
cooler, is a semiconductor-based electronic component that
functions as a small heat pump. When DC power is applied
to a TE module, heat moves through the module from one
side to the other proportional to the applied voltage. Nota-
bly, the thermoelectric module is only one element in the
overall cooling system. Thermoelectric modules are solid
state devices well-known to be reliable energy converters
that are virtually maintenance-free. They are also noise-less
and vibration-free as there are no mechanical moving parts.
They are also smaller and lighter than comparable me-
chanical cooling systems. Their solid-state construction
ensures high reliability, which is an advantage when used in
systems that are not easily accessible after installation. For
example, TECs used in air-conditioners offer significant
advantages over more conventional cooling devices because
they show better performance in active cooling, precise
controllability, and reliability, as well as being environ-
mental friendly, despite high costs because of low COP
(Coefficient Of Performance) and production initialization
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[1,2]. Phelan et al. [3] investigated a variety of refrigeration
technologies, including thermoelectric, vapor compression,
pulse tube, sorption and reverse Brayton, and found that
only TECs are commercially available in small sizes. TECs
are widely used to cool electronic devices [4-8] because of
the plurality of advantages mentioned above. Comparative
research on TECs has also been conducted. For instance, Xu
and coworkers [10] have examined the heating process oc-
curring in TECs, and obtained an empirical equation de-
scribing heat conduction with a heat source when the cur-
rent density is evenly distributed along the direction of the
X-axis.

In recent years, TECs have been applied in chemical in-
dustries or laboratories to cool small-volume parts [10—12].
For example, a TEC-based pre-concentrator [10,11] was
developed for the laboratory to overcome the limitations of
low-volume cryogenic devices employed in an automated
rapid vapor concentrator. The operation of the thermoelec-
tric trap have been examined and optimized with a system
that utilized two independent gas chromatographs. TECs are
also beginning to be used to cool high-temperature gas-
cooled test reactors [12]. However, TECs are seldom used
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in low-temperature glass or metal reactors (as working
temperatures are lower than room temperature) because
their cooling capacity is limited. These types of low-tem-
perature reactors are usually cooled by mechanical cooling
systems. Cooling agents usually used are Freon, liquid ni-
trogen, liquid carbon dioxide, circulating oil or water.
However, such mechanical cooling systems have several
disadvantages. For example, these are incapable of control-
ling accurately the temperature of reactors, and their struc-
tures are complex and bulky, especially for cooling mini-
reactors.

In this paper, we describe the use of TECs in the cooling
of a mini-reactor (actual volume can range from a few to
fifty milliliters), and study the temperature control of the
reactor inner wall. Two models are developed to simulate
the variation in temperature with cooling time and equilib-
rium temperatures of the reactor wall cooled by a TEC. Two
methods to determine parameters of these models are com-
pared. The influence of electric current on the performance
of TEC systems is analyzed using these models. Finally, the
results from simulations are compared with experimental
data.

1 System description

In an exothermic chemical reaction, it is very important to
keep the temperature of the reaction mixture at appropriate
levels. The more accurately the temperature is controlled,
the better experimental measurements can be repeated. For
this reason, we consider here a typical situation where a
commercial TEC is used to cool a mini-reactor designed by
us in the laboratory to control the reaction temperature ac-
curately. In addition, compared with conventional me-
chanical cooling systems, a TEC is silent, clean and simple
to operate in situ. A heat sink with circulating water is used
to dissipate heat from the hotter side of the TEC.

A schematic diagram of this system is depicted in Figure
1. The cooling system includes an alloy plate (of the same
material as the chemical mini-reactor wall), a heating film
(used to simulate the exothermal capacity of the chemical
reaction expected), a TEC and a heat sink. The bonding of
the TEC with the alloy wall on one side and the heat sink on
the other is achieved by mechanical clamping with ther-
mally-conductive grease between the contact surfaces. Most

CAIAIANALAGAY "" - Heating film

G ORRBRNLGZGEG o
AN————IN L A

NN T T L asy

(S S A R A

=

Heat sink

Figure 1 Schematic diagram of the cooling system used in the LTR.
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of the cooling system (including the alloy plate, the heating
film, and the TEC) is insulated to reduce heat losses. In fact,
in accordance with the inner volume of the mini-reactor and
the expected exothermal capacity of the chemical reaction,
the practical mini-reactor should need more than one of
these cooling systems. One commercially-available TEC,
TEC 12709 from Beijing Huimao Cooling Equipment Co, is
40 mm in width, 40 mm in length and 3.4 mm in thickness.
When a direct current is applied, the TEC extracts heat from
the wall of the mini-reactor to the heat sink. The heat sink
dissipates the heat extracted by the TEC via the circulating
water in the heat sink. The performance of the system was
tested in a laboratory environment with tap water used as a
coolant. Temperatures of the alloy wall and heat sink were
measured with platinum resistance thermometers.

2 Thermoelectric cooling system modeling

2.1 Steady state heat transfer model

The operation of a thermoelectric module is based on the
Peltier effect, which was discovered in 1834. When direct
current passes through a pair of P- and N-type semiconduc-
tor materials, one side of the junction is cooled and the other
side is heated. Therefore, if the colder side of a TEC is at-
tached to the outer side of a reactor alloy wall and the hotter
side is connected to a heat sink, as shown in Figure 2, heat
from the steel wall can be transferred through the TEC to
the heat sink by connecting the device to a DC source. The
heat sink passes heat to the circulating water.

It is assumed that all interfaces are in perfect thermal
contact. In general, the thermal problem will be three di-
mensional. However, if the effective area of the TECs is
nearly equal to the area of the alloy plate used as the reactor
wall, it is reasonable to assume that the temperature varies
only along a single dimension — the thickness of the TEC, as
shown in Figure 2. This greatly simplifies to a 1D-therm-
oelectric problem.

The energy balance equations at the alloy wall and the
heat sink are as follows [13]:

Q. Q.
_} _] — \ o | == (@ T,
Steel wall é R.
L J (b) ?.:
TEC P N P N K
[ 1 (c) T"
Heat sink { | | | | ” R,
Q, Q, @ 7

Figure 2 Steady-state model of a steel wall cooled by a TEC with heat
sink. (a) Inner surface of steel wall; (b) joint between outer surface of steel
wall and cold side of TECs; (c) hot side of TECs; (d) heat sink.
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T, -T
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=0, = 4
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All material properties are assumed to be constant. When T,
and T, are eliminated from eqs. (1)—(4), the respective heat
balance equations at positions ‘a’ and ‘d’ in Figure 2 can be
expressed as

0, =alT,o(1- ath)—%IzRa)(l +2KR, —alR,)

-K(I,-T,)o, &)

0, =alTo(1+ aIRC)Jr%IzRa)(l +2KR +alR,)
-K(I,-T,)o, (6)
where

1
“= (IR +1+ KR )(1-alIR,)+ (aIR. +1)KR, @

If R,—0, egs. (5)—(7) reduce to

0, =all.o-- I'Ro-K(T,~T)o, ®)

0, =alT,o(1+ ach)+%I2Rw(1 +2KR +alR,)
-K(T, -T)o, 9

where

1

O=———, (10
alR +1+ KR,

When heat is transferred from the reactor mixture to the
steel wall Q,, the temperature T, of the hotter TEC side and
the TEC parameters, including the Seebeck coefficient «,
electrical resistance R and thermal conductivity K, are all
given. The temperature T,, of the inner surface (directly in
contact with the reaction mixture) of the alloy wall attached
to the colder TEC side can be estimated using the following
equation

%+112R+KTh
T = [0 2
v al +K

Qw(l+aIRc+KRc)+%IzR+KTh

= . 11
al +K (in
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2.2 Transient heat transfer model

In the transient state, the problem is much more complex
than for the steady state just presented. The cooling capacity
of the TEC is related to Tj, although all TEC parameters (viz.
a, R and K) are considered here as a constant independent
of time ¢. The physical model for the transient state is shown
in Figure 3.

The energy balance of the system is then

Qinput = Qoutput + AI_]system > ( 1 2)

where Qjypue s the heat transferred from the inside of the
reactor to a TEC via the steel wall, Qoupy 1S the heat trans-
ferred to the TEC from the alloy wall, and AHyger, is the
increase in energy of the alloy wall. At any time #, AHygem
is given by

dT dT
AH = pcV —%= pcSD—*, 13
sysem = PEV 5= P m 13)

where ¢ and p are the specific thermal capacity and density
respectively of the alloy wall, and S the area of the alloy
wall or of the electric module. Because the alloy wall is thin
(D =3 mm) and the thermal conductivity of the alloy wall is
high (4 = 169 W/m K), it can be assumed that there is a

small temperature difference (AT, = % =0.09 K) be-
tween the inner surface and the outer surface of the alloy
wall although the heat flux is very large (Q,, = 5000 W/m*)
through the alloy wall. As a result, it can be assumed that
the temperature of the alloy wall 7,, along the thickness
dimension is constant independent of time . Thus, eq. (12)
can be expressed as

dT,
Qinput = Qoutput + pCSD dtw ° (14)

It is also assumed that the interface between the alloy
wall and the colder TEC side is in perfect thermal contact.
As a result, the temperature of the colder TEC side is equal
to that of the alloy wall, T.=T,,. The heat absorbed by the
TEC may be calculated using eq. (2), thereby modifying eq.

(14) to
QIHDUI
ﬂ ﬂ ﬂ ﬂ QH,WW“

Steel wall

TEC

=11

Figure 3 Transient model of heat being transferred from the reactor to
the heat sink.
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Qinput:alTw_%IZR_K(E,_TW)'i'pCSD(:i—];. (15)

It is further assumed that for all times ¢z, the heat flux trans-
ferred from the reactor is constant, and the interface be-
tween the hotter TEC side and the heat sink is in perfect
thermal contact (T, = Ty). Thus, eq. (15) is expressed as

0, lalT, —%IZR ~K(T.~T,)] = peSD ddz;w . (16)

The initial temperature of the alloy wall is stipulated to be
T,=T,, t=0. 17)

The temperature of the steel wall is calculated using the
following equation:

Twzem +#, (18)
al +

1
K ElzR +KT +0,

where A is a constant that can be determined according to
the initial condition t =0, T, = T,

2.3 Parameters of the models

Two methods are considered to determine the parameters of
the proposed models mentioned above. One is to calculate
the parameters from average temperature T,,; the other is to
extract the parameters from the manufacturer’s data of
TECs [14].

Method I

Currently, commercial TEC devices are made from semi-
conducting materials, such as Bi,Te;. According to test re-
sults by Melcor Corp., the relationship between the Seebeck
coefficient (a), electrical resistance (R), thermal conductiv-
ity (K) and average temperature (7},) can be described as

ap=—0on=(22224.0+ 930.6 T,,—0.9905 T,,))x10° V/K, (19)
ro=rn=(5112.0+163.4 T,,+0.6279 T,)x10'° Q/m, (20)
kp=kn=(62605.0-277.7T,+0.4131T,)x10™* W/(m K), (21)

where T, is the average of temperatures 7}, and T,. Sub-
scripts P and N signify P and N-type arms, respectively.

A TEC consists of a number of P- and N-type semicon-
ductor pairs (couples) connected electrically in series and
sandwiched between two ceramic plates. We can then cal-
culate the Seebeck coefficient ¢, electrical resistance R, and
thermal conductivity K of a TEC using the following equa-
tions:

a= 2Nap, (22)

R= 2Npp£, (23)
N
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K =2Nk, ; (24)

where N is the number of couples, [ is the length of the P and
N arms, s is the cross-sectional area of the P and N arms.
Method 11
The parameters of the proposed models can be extracted
from the manufacturer’s data of a TEC [14] as

U

a - max s 25
T (25)
R — Umax X Th _ATmax , (26)
Imax 7-;1
— Umax leax X Th _A]:nax , (27)
2xAT, T,

where ATy is the largest temperature differential that can
be obtained between the hot and cold ceramic plates of a
TEC for a given level of Ty, I,y is the input current which
will produce the maximum possible AT across a TEC, and
Upax 18 the DC voltage that delivers the maximum possible
AT at the supplied /-

3 Results of simulation and experiment

A commercial thermoelectric cooler TEC12709 is tested
over a broad range of working conditions. All tests were
made under low electrical currents (I = 1-9 A) because per-
formance is better at lower currents. The tests were also
performed with heat transfers Q. = Q,, =10, 20, 30 or 40 W.

3.1 Steady-state analysis

In accordance with Method I, we start with the number of
couples N=127 and average temperature 7,,=300 K. For a
PN-pair, the length of the P and N arms is / = 1 mm, giving
area s=1.37x1.37 mm®. Applying egs. (19)—(24), one can cal-
culate the model parameters to obtain values: =0.0540
V/K, R=1.50 Q, K=0.785 K/W.

Similarly, for Method II, we find from the manufac-
turer’s data sheets: under T,= 300K condition AT, = 62 K,
Inax =9 A, Upax = 152V, and O = 89.2 W. Applying
eqs. (25)—(27), one can calculate the model parameters:
a=0.0507 V/K, R=1.34 Q, K=0.875 K/W.

Equilibrium temperatures of the reactor wall T, can be
calculated from eqs. (10) and (11). Here, 7, = 300 K, the
input current I ranges from 1 to 9 A, R=D/AS=1.1x10"
K/W, and Q,, =10, 20, 30 or 40 W.

Figure 4 shows the results of calculations using the steady-
state model for the TEC system and the experimental data for
0~=10, 20, 30, 40 W. In this figure, the dashed line is the cal-
culation result using model parameters determined by Method
I, the solid line is the calculation result with model parameters
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obtained by Method II, and points represent data from ex-
perimental measurements. As one can see, results from
Method II are in good agreement with the experimental data
under different Q.. Thus, Method 1II is better in determining
these parameters than Method 1. From Figure 4, it is also clear
that the equilibrium temperature is lowest when the input cur-
rent / is set at 6 A given any set cooling capacity.

3.2 Transient analysis

Transient temperatures of the reactor wall are calculated using
eqs. (17) and (18). The temperature of the heat sink is meas-
ured as 7y = 300 K; the physical properties of alloy wall are
c=881 J/(kg K), p=2700 kg/m’, S=4 cm x 4 cm, and D=3 mm.
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Figure 4 Calculational results of the steady-state model and test data
under different Q. conditions. (a) Q.=10 W; (b) 0.=20 W; (c) Q.=30 W; (d)
0.=40 W.
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Figure 5 Calculation results of the transient model and test data at different
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current 6 A.
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In this study, different TEC input currents at a pre-de-
termined cooling capacity of 10 W are considered. The
time- dependence of the temperature at the inner surface of
the alloy wall is presented in Figure 5. Here, the dashed line
is the calculated result with the model parameters deter-
mined by Method II, while the solid line corresponds to the
experimental results. Clearly the calculated curve is in good
agreement with the experimental curve, although the rate of
decrease in the measured temperature of the alloy wall with
cooling time is slightly lower than the calculated results.
The difference seems to be more apparent at higher electri-
cal currents. The reason may be due to the fact that thermal
resistances are ignored between the TEC and the alloy wall
and between the TEC and the heat sink.

4 Conclusions

The equilibrium wall temperatures of an LTR cooled by a
TEC and temperature changes with applied direct current
were well-described by the steady-state model. The tran-
sient temperatures and their change with cooling time were
calculated using the transient model. In particular, two
methods were used to determine the model parameters. It
was found better to extract the parameters of the proposed
models from the manufacturer’s data of the TEC than from
the average temperature T,,,. The results of calculations us-
ing the steady-state model were in good agreement with the
experimental data at different values of Q.. The equilibrium
temperature was lowest when the input current / was 6 A at
any of the pre-set cooling capacities. A good fit was also
achieved between the experimental and simulation results of
the transient model although the rate of decrease in meas-
ured temperatures is a little slower than estimated results.

Overall, we revealed that not only can TECs be used in
the cooling of mini-reactors, but the steady-state and tran-
sient models can also be used to aid the design of practical
LTRs.

The authors would like to thank Dr. Huang Chen, Xu Jun and Zhu Xiao-
guang for their assistance in the research work.

Nomenclature

A, constant determined by eqs. (17) and (18);

c, thermal capacity ratio of the alloy wall;

D, thickness of the alloy wall;

AH- energy increase for the alloy wall with increasing of the tem-

S perature;

1, current through the thermoelectric module;

I input current which will produce the maximum possible AT
i across a TEC;

k, thermal conductivity of P and N-type arms;

K, total thermal conductivity of thermoelectric module;

[, length of P-type and N -type arms;
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N, number of PN semiconductor couples;
Q. cooling capacity in the thermoelectric cooling system; ,
Oh, heat dissipated from hot-side of the thermoelectric module;
) heat transfer from the inside of the reactor to a TEC through the
inputs alloy wall;
Qouputs heat transfer to the TEC from the alloy wall;
1
O, heat dissipated by circulating water in the heat sink;
O, heat dissipated by the reactor mixture into the alloy wall;
r, electrical resistance of P-type and N-type arms; 2
R, total electrical resistance of thermoelectric module; 3
total thermal resistance of the alloy wall and the cold side of a
R.,
TEC;
R total thermal resistance of the hot-side of the thermoelectric 4
b module and the heat sink;
s, area of the one P or N -type arm; 5
S, area of the alloy wall or area of the electric module;
1, time; 6
T., cold side temperature of thermoelectric module;
Th, hot-side temperature of the thermoelectric module; 7
T, average temperature between cold and hot sided of a TEC;
. 8
T, temperature of the heat sink;
largest temperature differential between the hot and cold ce-
ATmﬂX! M
ramic plates of a TEC; 9
Ty, temperature of the alloy reactor wall;
. . L. 10
AT temperature difference between the outside and inside of the
w alloy wall;
U DC voltage that delivers the maximum possible AT at the sup- 11
e plied Inu;
Vv, volume of the alloy wall; 12
Greek symbols; 13
a, Seebeck coefficient of thermoelectric module;
P2, density of the alloy wall; 14
A, thermal conductivity of the alloy wall;
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