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Introduction

A thermoelectric cooler (TEC) is a solid-state refrigerator that operates on the Peltier effect. The
absence of moving parts, compact size, precise temperature control ability and reliability all
combine to make the TEC a unique refrigerator. TECs find application [1, 2] in many fields from
simple food and beverage coolers for an afternoon picnic to extremely sophisticated temperature
control systems in space vehicles. More and more TECs are being used to solve severe cooling
problems, especially in the electronics industry; for example, the cooling of laser diodes [3].

Due to high demand and economic values, many manufacturers are marketing a wide variety of
TECs [4]. Every manufacturer specifies their TECs using performance curves and several limit
values: ATmax lmax Vmax @nd Qmax [5]. Thermal management engineers need to find the highest
performance TEC, optimize the operating parameters using simple calculations, and simulate the
overall cooling system (including the TEC) using commercially available CFD software. To do all
this it is necessary to know the basic physical properties (s, p and k) of the TEC materials.
Unfortunately, most manufacturers do not provide this kind of information in their product
catalog. Therefore, thermal designers usually find it difficult to obtain these physical properties.
Huang et al. [6] designed an experiment which can accurately measure the physical properties of
a TEC module. The problem is that most thermal designers usually do not have either
accessibility to the necessary apparatus or sufficient time to make the required measurements.

This article presents a simple method to calculate the physical characteristics of a TEC module
(i.e., device Seebeck voltage Sy, device electrical resistance Ry and device thermal conductance
Kwm) based upon the information ( ATmax Imax Vimax @nd Qmay) readily available in the vendor
datasheet. The fundamental physical properties s, p and k can then be calculated if N (number of
couples) and G (ratio of the cross-sectional area/length of each thermoelectric element) are
known. Further, this article presents an application example to evaluate and optimize the
operating parameters of TEC by simple calculations.

Nomenclature

Ty, = Hot Side Temperature (K)
T = Cold Side Temperature (K)
AT = T,=-T.(K)
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415 = Ambient Temperature (K)

| = Current (A)

v = Voluage (V)

Q. = Heat absorbed at cold surface (W)

Qp = Power input for TEC (W)

COP = Coefficient of Performance, Q. /Q,

5 Seebeck Coefficient (V /[ K)

p = Resistivity (£2 cm)

k = Thermal Conductivity (W / (cm K))

Z = Figure of Merit, s/ (p * k), (K™

G = Area/ Length of thermoelectric element (cm)

N = Number of pair of thermoelectric element

Sn = Device Seebeck Voltage, 2s N, (V/ K)

Em = Device Electrical Resistance, 2 p N / G, (Q)

Kn = Device Thermal Conductance, 2k N G, (W /K)

lmax = Input current resulting in greatest AT,
ie., ATmax, (A)

Qua = Maximum amount of heat that can be absorbed at
cold face (occurs at I=.,. AT = 0°C) (W)

AT ey = Maximum temperature difference a TEC can
achieve, occurs at [=I_, ., Qc =0, (K)

Viaxr = Voltage at AT =AT .. (V)

Ryemsine= Thermal resistance of heat sink
(T, = TH( Qe+ Qp). (K/W)

Rpemax = Maximum allowable heat sink thermal resistance
(K/W)

Modeling

Basic Model for TEC

The following theoretical equations (1-4) for a TEC are provided in many handbooks and papers

[7-10]:
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To simplify, define Sy, Ry and Ky, by equation (5-7):

(1)

(2)

(3)

(4)
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To simplify, define Sy, Ry and Ky by equation (5-7):

Sy = 2sN (5)
Ry = 2pN/G (6)

Ky = 2NKG (7)

Then, equations (1, 2 and 4) can be expressed as equations (8-10):

L -
Q. =S8, T.I-=I"R, - K AT

V =S,AT +IR,,

.
R.K,

(&)

(9)

(10)

The parameters s, p and k are fundamental physical properties of the TEC materials and Sy, Ry
and Ky, are the physical characteristics of the TEC as a device. The figure-of-merit, Z, is directly
related with the ability of a TEC to pump heat and is a criterion to evaluate the quality of the TEC

[11]. All these parameters are necessary constants in calculations or simulations using the above

equations. Unfortunately, none of these are generally listed in the manufacturer’s catalogue. What
the manufacturers usually list are ATmax Imax Vmax @aNd Qmax at a specified hot side temperature

Th.

Expressions for ATmax Vmax Imax @Nd Qmax

Inspection of equation (8), reveals that DT varies as the square of current | when Q; is zero, as

shown by equation (11).

1 1

2

AT = (SMT_:I— R,

M

(11)

Differentiating equation (17) with respect to | leads to equation (12):

dAT
dl

|
=K—H(SJ¢ ~IR, )=0
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Setting equation (12) equal to zero and solving for | to maximize AT leads to equation (13):

hY
I=-2T (13)
Ry

Equation (13) is the prerequisite to produce the maximum temperature difference AT 4y, and the
current is defined as the maximum current |,2«. The voltage at this time is defined as the
maximum voltage Vmay. Now, inserting the value of |4y from equation (13) into equation (11)
results in equation (14) for ATmay:

ZT* (14)

[

Al ..=

TTAX

b | —

Replacing AT and | with ATmax and Imay in equation (9), an expression for Vi can be obtained,
as shown by equation (15).

Vo= SRkl R (15)

Usually performance specifications for a TEC lists ATmax Imax, Vmax at @ specific hot side
temperature Ty. Replacing T with (Th— ATmay) in equations (13) and (14), equations (16) and
equation (17) are obtained.

[ =T, -AT ) (16)
R.'I»J‘
AT, =%Z(Tk ~AT,. ) (17

In addition, Qmay OCcurs also at a specific hot side temperature when | = I,,ox and AT = 0@ C.
Therefore equation (8) can be reformed as equation (18):

Qmax o S.W?—;Imax _%ImaszM “3]
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Method | to Calculate Sy, Ky and Ry

Although the three TEC physical characteristics parameters Sy, Ry and Ky are unknown, as
noted earlier, vendor datasheets usually give the four maximum parameters AT max Vimax Imax and
Qmax and in addition there are four equations (15-18). Any three of the four equations can be
used to solve and get expressions for Sy, Ry and Ky, Method | in this article uses only three
equations ATmax, Vmax and Imax and leaves the fourth for Qmay alone. In this way, equations
(19-22) are obtained from equations (10), (15-17) to determine Z, Sy, Ky, and Ry

2AT
v i . (1 9)
‘\Th e &de.x )_
V
Sy=—"22 200
M T, (

(1, -AT, ) Ve

KU max " max [21}
' 2T, AT,
R.‘J — (T'h _ﬁjﬂlm ) I:'mux REE

7 max

As long as Sy, Ry and Ky, are known, s, p and k can be calculated according to equations 5-7, if N
and G are known.

Method Il to Calculate Sy, Ky and Ry

As indicated above, any three of the four equations (15-18) can be used to solve and get the
expression for Sy, Ry and Ky,. Method Il in this article can be used to calculate Sy, Ry and Ky,
according to the three equations for ATmax, Imax @and Qmax, Without using Vmax. According to
method Il, the resulting formulations are equation (19) and equations (23-25).

S, =2%m 1 23)
I max T:‘t + 'ﬂ Tmn
_ T.l’: - &Tmax = Q ;

- = 24
M WAT. AT )
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(24)

(25)

Ideally, there should be internal consistency between the four equations (15-18), and the

calculation results of the two methods should be the same. However, this is not always the case.

Errors do exist, which can be seen in the following application example.

Table 1. Spreadsheet Calculator for TEC

Input the Performance Specifications

Th= 300 K
ATmax = 69.65 K
Imax = 308 A
Vmax = 11.71 ¥

Calculate the Physical Characteristics

Z= 0.002625 1/K
Sp= 0.03903 WK
Ry = 29192 n
Ky = 0.1988 W/K
Input the Operating Conditions
I= 1181 A
Tp= 323 K
Te= 203 K
Ta= 208 K

Calculate the Operating Parameters

Q.= 5507 W
V= 4619 V
Q- 5455 W
COP = 1.010
Rhsatsink = 2,281 K/W
Input N & G

N= 96

G= 0.072 em

Calculate the Basic Physical Properties

p= 0.001095 ncm
s= 0.00020 WK
K= 0.0144  W/f{em K)

Application and Discussions

Using the preceding formulas, a spreadsheet calculator can be made to determine the physical

6 of 10

characteristics, basic physical properties and operating parameters of TECs as shown by Table 1.
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Using the preceding formulas, a spreadsheet calculator can be made to determine the physical
characteristics, basic physical properties and operating parameters of TECs as shown by Table 1.
After inputting the performance specifications in terms of Tr, AT may Imax and Vmax, the physical
characteristics Sy, Ry, Ky and Z are calculated according to equations 19-22 in method |. Then,
inputting the operating conditions I, Ty, T¢, and T,, operating parameters Q, V, Q,, COP and
Rheatsink are calculated according to equations 1-3, 26 and 27.

Qf

" P

COP =

(26)

R.ﬂe sink e LE_‘”
R0+ 0,

In addition, if values for N and G for the TEC under consideration are provided as input, the
fundamental physical properties s, p and k can also be calculated.

Application Example

For an application example, a commercially available TEC is to be selected to cool a laser diode,
which dissipates 5.5W and must be kept at 209 C for an ambient temperature of 25€C. It is also
necessary to keep the heat sink as small as possible; in other words, the heat sink thermal
resistance Rpeatsink Should be close to the maximum allowable heat sink thermal resistance Rys.

max-

1) TEC Selection — As is known, Z is a criterion of a TEC's ability to pump heat. Therefore, the Z
value of different TECs from different manufacturers is calculated according to the information
from the manufacturers’ catalogues. As shown in Table 2, the value of Z for the second TEC
(TMCO06-096-05) is in the middle. Considering other factors such as its smallest size, TEC
TMC06-096-05 is selected.

2) Determining Operating Parameters — The operating parameters for TEC TMC06-096-05 are
calculated for different DTs using the spreadsheet calculator (Table 1). The performance
specifications (Th, ATmax Imax @nd Vimay) shown in Table 2 for the selected TEC (TMC06-096-05)
are entered along with the operating conditions (I, Ty, T¢, and T,). The current, |, entered in the
calculator is then adjusted until the calculated value of Q. equals the specified heat load (i.e.,
5.5W). The result of the calculations for each A T are recorded as shown in Table 3. As also
shown in Table 3 for the example calculation, the value of allowable heat sink thermal resistance,
Rheatsink feaches its maximum value of about 2.57€C /W at a AT = 45€C. However, the bigger
value of COP of 1.07 occurs at AT = 30€C, so this chosen as the design temperature difference.
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Table 2. TECs from Different Manufacturers

Cpl0-71- | 1IMCOB- TE-T1-1.4- | PEOT1-14
TEC Model
05 096-05 2.5 25
Th 323 300 300 298
Q 21 69.65 209 216
Input Performance -
AT e TT: 21.55 T2 75
Specifications
e 39 3.08 3.7 3.9
Vo 9.14 1474, 9.1 8.8
i 0.00254 0.00263 0.00277 0.00302
Method 1 | Sm 0.0283 0.0390 0.0303 0.0295
(AT max Imax | Rm 178 2492 187 1.69
v K 0.176 0.199 0.178 0.171
Calculated ) =
Method 2 | Sy 0.0265 0.0379 0.0304 0.0297
g R 1.70 2.83 187 1.70
Characteristics | 0™ " : : : .
AT mae I | K 0.168 0.193 0.178 0.172
Comparison-Sy 5% 3% 0% 1%
Comparison-Ry 5% 3% 0% 1%
Comparison-Ky 5% 3% 0% 1%

Discussion about the Two Methods to Calculate Sy, Ky and Ry

Two methods to calculate Sy, Ry and Ky have been discussed in this article. Errors exist between
the two calculation methods, and the biggest is 5%, as shown by Table 2. One reason is that our
model, representing TEC operation, equations (8) and (9), is an ideal one and the TEC module
parameters (Sy, Ry and Ky) are taken as constants. Actually, Sy, Ry and Ky, depend on the
temperature, more or less. Another reason is that the performance specifications from
manufacturers are experimental results. Usually different manufacturers use different

experimental methods under different conditions.

Table 3. Operating Parameters of TEC (1MC06-096-05)

QciW) 55

T.(K) 203

AT(K) 20 25 30| 35 40 45 50

Th(K) 313| 318| 323| 328 333 as8| 343
1(A) 0942 | 1.059| 1.181| 1.308| 1.442| 1.583| 1.734

Calculated using | Q,(W) 333| 431 546| 6.78| 832 10.10| 1216

present method | COP 165| 128| 101| o081| o068 055 045
Rneasio (K/W)|  1.70| 204| 228| 2.44| 253 257| 255
I{A) 0939 | 1.048| 1.162| 1.284| 1.416| 1.562| 1.730

Manufacturer's | Qy(W) 344| a47| 569| 7.15| 890| 1104| 13.73

software COP 160| 123| o097| 077 062 o050 040
Rneatsi (KW/W)| 1.68| 201| 223| 237| 243| 242 234
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1 0% 1% 2% 2% 2% 1% 0%

Qp 3% 4% 4% 5% 6% % 11%
Comparison

COpP 3% 4% 4% 5% T 9% 13%

Rieatsinx (K/W) 1% 2% 2% 3% 4% 6% 9%

Comparison with Manufacturer’s Software

In Table 3, calculated example results are compared with results from the manufacturer’s
software. As may be seen some discrepancies do exist and the further Ty, is from 300K (which is
the hot side temperature at which performance specifications are given), the bigger the
discrepancy for Q. This is because Z, Sy, Ry and Ky are not always constants as stated before.
Actually, Z, Sy, R and Ky, are dependent on the temperature to some degree. Notwithstanding
this discrepancy, a difference below 10% is acceptable.

Surely, the manufacturer’s software would be expected to be more accurate. However, not every
manufacturer provides software. Although performance curves can sometimes be used in place
of calculations, most often performance curves are given at a specific Ty, for example, 25€C or
509 C, which is usually different from in the application under consideration. Another problem is
that reading off curves and performing the required iterations is tedious and troublesome,
especially when many different ATs must be considered. Accordingly, the calculation method
presented in this article may be quite useful due to its simplicity and convenience, especially for
the initial estimates during the cooling design process.

Summary

A simple method to calculate the physical characteristics of a TEC and evaluate the performance
of the TEC has been presented in this article. The comparison and discussion shows that some
imperfections exist for the calculation method. Notwithstanding this, the calculation method is
useful due to its simplicity and convenience, especially as an aid in the selection of a TEC and to
obtain initial estimates of its performance in the desired application.
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