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The paper presents the results of designing a multi-stage thermoelectric cooling module for X-ray detectors.
The design of a thermoelectric cooler as a part of X-ray detector is developed and the technique of increase of
its energy efficiency is offered. Bibl. 11, Fig. 1.

Key words: computer design, thermoelectric cooling, X-ray detector.

Introduction

General characterization of the problem. Thermoelectric coolers are widely used to ensure optimal
operating modes of various radiation detectors [1, 2]. Their use with semiconductor X-ray detectors is
especially relevant, which significantly increases their resolution [3-9].

In [3], the results of computer design of a thermoelectric multi-stage cooler for X-ray detector are
presented. The optimal geometric dimensions and operating modes of the cooler were determined, which
provide the best operating conditions for X-ray detector. However, the analysis of the thermal circuit of a
thermoelectric cooler for X-ray detector showed the presence of heat loss, which leads to a decrease in its
energy efficiency.

Therefore, the purpose of the work is to analyze the possibilities of increasing the efficiency of a
thermoelectric cooler for X-ray detector.

Physical model

For the calculations, we have used the physical model of a thermoelectric cooler as part of X-ray
detector presented in Fig. 1. It consists of a housing 2 with a beryllium window 1 through which radiation
enters X-ray detector 3. The required temperature and thermal conditions on the surface of X-ray detector
are provided by a multi-stage thermoelectric cooler with an electric power W consisting of n- and p-type
thermoelectric material legs 9, electrically conductive interconnect plates10, ceramic electrical insulation
plates 11 and electrical leads 8. A vacuum is created inside the detector housing 5 to reduce heat losses.
The heat flow is removed from the thermoelectric cooler through the base of detector housing 6 and its
fixture 7.

Analysis of the thermal circuit of X-ray detector showed that the source of the greatest losses of
efficiency of the thermoelectric cooling module (which also leads to a decrease in the maximum
temperature difference) are thermal inleaks to the thermoelectric legs of the module cascades due to
radiation. In order to reduce these losses, it was proposed to improve the design of the thermoelectric
module by introducing additional radiation shields 4 in Fig.1.

ISSN 1726-7714 Journal of Thermoelectricity Ne6, 2019 35



Prybyla A.V.
Efficiency increase of thermoelectric cooling module for X-ray detector

Qo \\\\\\ 3
T T . .

10 — —-\xl . SEEE §
g “X" § 5

27,

%

Fig. 1. Physical model of a thermoelectric multi-stage cooler as part of X-ray detector:
1 — beryllium window; 2 — device housing, 3 — X-ray detector;
4 — radiation shields; 5 — internal space of a device where vacuum is created;
6 — device housing base, 7 — device fixture;
8 — electrical leads; 9 — n- and p-type thermoelectric material legs,
10 — electrical interconnect plates, 11 — ceramic electrical insulating plates.

Mathematical and computer descriptions of the model

The system of equations for the description of coefficient of performance of a thermoelectric cooler
depending on the parameters of physical model is determined from thermal balance equations:

0. =" -T), (1)
0, =1,(1,? -T") o
0, =% ~T,)
0,=0.+W,. 3)

Here, T is detector surface temperature, 7. is thermoelectric module cold side temperature, ¥, is
thermal contact resistance, 7> is thermoelectric module hot side temperature, 7,” is detector base

temperature; 7, is temperature of surface to which heat is removed, y, is thermal contact resistance, y, is
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thermal resistance of heat exchanger on the “hot side” of thermoelectric converter, Qyis refrigerating
capacity, QO is heating capacity.

With regard to (1) — (3), the expression for the coefficient of performance of thermoelectric cooler
will be written in the form:

c o O T+ O,N,)-0.5’R—\MT, - T, —(Q,N, + Q,N,))
W +W, wo+W, '

“4)

where o is differential Seebeck coefficient of material, / is current strength, R is electrical resistance of
thermoelectric module, A is average thermal conductivity of thermoelectric module legs, W, is power

consumed to provide heat exchange,

le(X1+X2)’ N (X3+X4). (5)

e Ll

To design the thermoelectric cooler, the COMSOL Multiphysics software package was used [10].
For this purpose, the equations of the physical model must be presented in a certain form, as will be shown
below.

To describe heat and electricity flows, we use the laws of conservation of energy

divE =0 (6)
and electrical charge
divj =0, (7
where
E=G+U], (®)
G=xVT+alj, 9)
j=-oVU -caVT. (10)

Here, E is energy flux density, g is thermal flux density, ; is electric current density, U is electric

potential, T is temperature, o, o, k are the Seebeck coefficient, electrical conductivity and thermal
conductivity.
With regard to (8) — (10), one can obtain
E=—(k+0o’cT+aUc)VT —(acT +Uc)VU. (11)
Then the laws of conservation (5), (6) will take on the form:

~V[(x+0’cT +aUc)VT |- V[(asT +Us)VU]=0, (12)

-V(caVT)-V(cVU)=0. (13)
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The second-order nonlinear differential equations in partial derivatives (12) and (13) determine the
distribution of temperature 7 and potential U in the thermoelectric cooler.

Solving these equations with the use of technology of object-oriented computer simulation [10] and
optimal control theory [11] allows finding optimal design of thermoelectric converter and the dependences
of its characteristics.

Computer design results

As a result of computer design of the improved model of the thermoelectric cooler (according to the
physical model in Fig. 1), its energy characteristics were calculated and compared with the results of
previous studies [2].

Thus, the thermoelectric cooler has 4 stages — each comprising 6, 12, 27 and 65 pairs of legs of
thermoelectric material, with its overall dimensions - 12 x 16 x 12 mm while providing the cooled area
4 x 8 mm. The dimensions of thermoelectric material legs based on n- and p-type bismuth telluride (Bi>Te3)
-0.6x 0.6 x 1.8 mm. Electrical insulating plates are made of alumina (4/;03) 0.5 mm thick, electrical
connections are made of copper (Cu) with anti-diffusion layer of nickel (Ni) 0.1 mm thick. In addition, the
thermoelectric cooler contains radiation shields that have thermal contact with the surface of each stage and
provide reduction of heat loss due to radiation.

Comparison of simulation results with previous studies [2] shows that the presence of radiation
shields leads to a decrease in heat loss inside the thermoelectric multi-stage module by30% (Qp = 31 mW).

When the temperature at the detector 7’ =-70 °C and at the heat sink temperature 7, = +20 ° C,

the coefficient of performance of the thermoelectric cooler is € = 0.023. Therefore, the electric power that
will be consumed by such a converter is W = 1.5 W.

Moreover, the use of radiation shields opens up opportunities to increase the maximum temperature
difference of the thermoelectric module by 5 K, which is important to ensure optimal operating modes of
X-ray detectors.

Conclusions

1. The possibility of increasing the energy efficiency of a thermoelectric cooler for X-ray detector by
using radiation shields is revealed.

2. It is established that the presence of radiation shields leads to a decrease in heat loss inside the
thermoelectric multi-stage module by 30%.

3. It is determined that when the temperature at the detector is provided 7" = -70 °C and at the heat

sink temperature 7, =+20 °C the coefficient of performance of the thermoelectric cooler is &€ = 0.023.

Therefore, the electric power that will be consumed by such a converter is W= 1.5 W,
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ITPO INIIBUINIEHHA EPEKTUBHOCTI
TEPMOEJIEKTPUYHOI'O MOAYJISA OXOJIOKEHHA
JETEKTOPA PEHTTEHIBCHBKOI'O BUITPOMIHIOBAHHSA

YV pobomi  nasedeno  pezynbmamu  npoOeKmMy6aHHs  MEPMOCIEKMPUHHO20 — OALAMOKACKAOHO20
MEPMOENEKMPULHO20 MO0V OXONOONCEHHL PEHMEEeHIBCLKUX Odemekmopis. Po3pobneno Kkoncmpykyito
MEPMOENEKMPUHHO20  0XO0NI00XCY8aYd y CKIA0i OemeKmopa PeHmeHIBCbKO20 GUNPOMIHIOBAHHS Md
3aNpPONOHOBAHO MEMOOUKY NiOBUWeHH s TI020 enepeemuyHoi edhexmusnocmi. bion. 11, puc. 1.

KnrodoBi cjoBa: KoM 'ioTepHE NPOEKTYBaHHSA, TEPMOECIEKTPHUYHE OXOJOMKEHHS, PEHTI€HIBCHKHN
JIETEKTOP.

ISSN 1726-7714 Journal of Thermoelectricity Ne6, 2019 39



Prybyla A.V.
Efficiency increase of thermoelectric cooling module for X-ray detector

IpuodnLia A.B.1?

'MnctutyT TepMmodniekTpuuectsa HAH u MOH Ykpaunsl,
yi. Hayku, 1, YepHosiisl, 58029, Ykpaunna;
*YepHOBHIIKHII HAITMOHANEHBINA YHUBEPCUTET
uM. Opus ®enpkoBuya, yi. KomroOuHckoro 2,
Yepuosusl, 58000, Ykpanuna

O HNOBBIWEHUU YPPEKTUBHOCTU TEPMOJJIEKTPUYECKHUX
MOJYJIEN OXJAKIEHNUA JETEKTOPA PEHTTEHOBCKOI'O
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B pabome npusedenvl pesyrbmamvl RPOCKMUPOGAHUS MEPMOIICKMPULECKO20 MHO20KACKAOHO20
MEPMOINEKMPULECKO20 — MOOYISL  OXNANCOCHUs. — DEHMEeHO8CKUX — Oemekmopos.  Paspabomana
KOHCIPYKYUSL MEePMOINIEKMPUYECKO20 OXAA0UMENS 8 COCMAse OemeKmopa PeHMeeHOB8CKO20 U3YYeHUs.
U NPeonodCeHa MemoOUuKa NosvluleHUsl e20 IHepeemuyeckol sgp@exmusnocmu. buba. 11, puc. 1.
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