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Computer Simulation of the Non-Stationary Operating Mode
of Thermoelectric Cooling Chamber for Medical Purposes

The paper proposes a model of a thermoelectric cooling chamber for medical purposes,

which takes into account the thermal resistance and heat capacity of all the main elements
of its design, ensuring that the simulation of the chamber cooling process is close to the
actual conditions of its operation. A mathematical method of simulating the characteristics
of the non-stationary cooling process of such a chamber is described, based on the solution
of quasi-stationary heat balance equations at the boundaries between the main elements of
the refrigerator model in combination with the solution of a stationary boundary value
problem for finding the distribution of temperature and heat flow in thermoelectric legs.

An algorithm and a computer tool have been developed to calculate the characteristics and
parameters of the chamber cooling in the non-stationary mode of its operation. The
computer program allows analyzing the influence of the design of thermoelectric modules
and their power supply mode on the efficiency of the chamber cooling process, and using
the obtained results to improve the design of TE modules and optimize their operating

modes.
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Introduction

Medical cooling chambers are widely used for storage and transportation of biological
materials, drugs, vaccines, donor blood and transplant organs, for which the stability of the
temperature regime is a critical condition for ensuring quality and safety. A temperature
deviation of even a few degrees or its short-term fluctuation can lead to the degradation of the
biological properties of the samples in the chamber, which causes increased requirements for
the accuracy and reliability of the cooling systems of medical chambers for various purposes.

For modern medical chambers, thermoelectric (TE) coolers are increasingly used [1-12],
which differ from other cooling systems in compactness, absence of moving parts, high
reliability and the ability to precisely regulate temperature. In particular, in [1], small-volume
medical thermoelectric refrigerators (from 5 to 20 1) are considered which are used for storing
pharmaceuticals and biological reagents. The chambers are characterized by compact
dimensions and low energy consumption. The authors note the significant influence of non-
stationary thermal processes on the stability of the temperature field inside the chamber.

In [5], an example of a medical chamber for storing pharmaceuticals is given. In the
chamber, the dimensions of which are 400 x 300 x 300 mm, active air heat exchange is
implemented, and heat removal from the heat-emitting surface of thermoelectric modules is
carried out by aluminum radiators with forced ventilation. The authors emphasize that the
efficiency of the system depends significantly on the dynamics of heat exchange between the
chamber’s interior and its cooling elements.

A separate group consists of specialized medical cooled chambers and devices for local
use, in particular systems for cooling biological fluids or surgical instruments [8-12]. Such
devices have a small volume (up to 1-2 liters), but operate in a mode of rapid temperature
change, which requires accurate consideration of non-stationary thermal processes in the
chamber and in thermoelectric elements.

Article [13] examines the dynamic behavior of two-stage thermoelectric coolers, which
are among the most common designs for efficient cooling in practical medical and technical
applications. The authors focus on analyzing the temporal characteristics of the thermal regime
under the influence of pulsed currents that alter heat flows in the system, and demonstrate how
these dynamic processes affect temperature stability in the cooled volume. The study compares
temperature behavior under traditional and modified controlled power supply modes for a
thermoelectric cooler, allowing for the identification of optimal conditions for quickly
achieving a set temperature and reducing temperature fluctuations. This approach highlights
the importance of considering non-stationary thermal processes in the simulation and design of
thermoelectric cooling chambers, particularly for medical and laboratory devices where high
temperature accuracy is required.

A significant portion of scientific research is devoted to the analysis of steady-state
operating modes of thermoelectric coolers, optimization of thermoelement geometry, selection
of materials, and improvement of heat exchange systems. In real-world operating conditions of
medical cooling chambers, non-stationary processes predominate [14—15], associated with
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system startup, chamber opening, changes in thermal load, placement of new objects, or
fluctuations in ambient temperature.

This problem is of particular relevance for medical applications, where it is necessary to
ensure rapid achievement of the set temperature and minimal temperature fluctuations under
conditions of variable thermal load. In this regard, the application of mathematical and
computer simulation of non-stationary thermal processes in medical cooling chambers with
thermoelectric coolers is relevant.

The purpose of the work is focused on developing a method for computer simulation of
non-stationary operating modes of a thermoelectric cooling chamber, in which an object with
active heat release is placed, to study the time dependence of the temperature in the chamber
and to assess the influence of heat transfer conditions, radiator parameters and thermoelectric
module design on the efficiency of the cooling process. The results obtained can be used to
optimize the design of medical cooling chambers and increase their energy efficiency and
temperature stability.

1. Model of a thermoelectric cooling chamber and mathematical description of its non-
stationary cooling process

The model of the chamber in which the cooled object is placed is shown in Fig. 1. The
source of cold in chamber 1 is thermoelectric modules 2. Depending on the temperature to
which the object is cooled, its heat capacity and the amount of heat it releases, one or more
single-stage or multi-stage TE modules can be used. The transfer of cold from the heat-
absorbing surface of the modules to the chamber is carried out using a radiator 3 due to natural
or forced convection of air in the chamber, which is provided by a fan 4.

The cooling chamber is thermally insulated with a layer of insulating material 5. Between
the base of radiator 3 and modules 2, a heat-equalizing metal insert 6 is usually placed. Heat
from the heat-generating junctions of the TE modules is dissipated into the environment using
a radiator 7, cooled by blowing fan 8.

o the total heat capacity Co, of the cooled object, the air in the chamber and its walls is
concentrated inside the chamber, the temperature in which is 71;

o the heat capacity Ci of the radiator in the cooling chamber is concentrated at the
interface between the radiator base and the metal insert, and the temperature at this
interface is 72;

» the heat capacity Cn of the metal insert is concentrated at the interface between the insert
and the heat-absorbing surface of the TE modules, the temperature at which is 73;

o the heat capacity C of the external radiator is concentrated on the interface between
the heat-emitting surface of the modules and the base of this radiator, and the
temperature at this interface is 74;

e the inherent heat capacity of thermoelectric modules can be neglected, since it is
significantly less than the heat capacity of the cooled object, chamber, radiators and
metal insert, and therefore does not actually affect the cooling time of the chamber.
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Fig. 1. Schematic of a thermoelectric cooling chamber.

1 — cooling chamber; 2 — thermoelectric modules; 3 — radiator for transferring
cold to the chamber, 4 — fan in the chamber, 5 — thermal insulation of the chamber;
6 — metal insert; 7 — radiator for heat removal from the heat-emitting junctions
of TE modules to the environment; 8 — fan.

Temperatures T71,...,74 change with time. Under the above assumptions, to calculate the
time dependence of these temperatures, a system of quasi-stationary heat balance equations at
the boundaries between the main elements of the refrigerator model is used, which is written in
the form

o B =T) 1

- ar-1-g,
Ty ks oo 1
¢, =D Sty 1)
. ' ‘m re ’ (1)
(T3l+l - T;) i i K8 i i
e RN
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where 7 is the time step, and the superscript i denotes time instant. System (1) must be satisfied
at every time instant ¢, =it . In this system, O, = O, + Q,, 1s the thermal power that needs to be

removed from the chamber for its cooling, Qucr is active heat release of the object in the
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chamber, Q, =(x,s, /h, )T, —T,) is the heat capacity that enters the chamber through the

insulation, Ry and R are thermal resistances of the radiator in the chamber and the external
radiator, respectively, under conditions of natural or forced convection, Kin, Sin, hin and Km, Sm,

hm are thermal conductivity, area and thickness of the insulating material and metal insert,
respectively. O.(1,T;,T,) is cooling capacity of TE modules at the i-th time instant, which
depends on the supply current of modules [/ and temperatures T, T},
O,(,T,,T))=0.(I,T,,T))+W(I,T;,T;) is their heat output, W(I,T;,T;) is power consumed
by the modules.

To solve the quasi-stationary system (1), initial conditions are required, which have the
form

L=T,=T,=T,=T, )

where T, is ambient temperature. Also, at each time step, it is necessary to calculate the cooling
capacity Qo and the electrical power W of the TE modules for a given design and supply current.

2. Method for calculating the cooling capacity and power of thermoelectric
modules

The method for calculating the cooling capacity Q¢ and electric power W of N-stage TE
modules is based on solving a system of differential equations for finding the temperature
distributions T{(x) and specific heat flux g(x)=Q(x)/I in thermoelectric legs of n- and p-type
conductivity, which is given by [16]

2

ar® o 7 _lqm

T S S . (3)
4 _%Jpw Y w S
dx K K G Jup

where x=x/L, 0<x <1 is dimensionless coordinate, j =1 L/s, is specific current density, so
is cross-sectional area of a thermoelectric leg, L is its height. In these equations, the Seebeck
coefficient owp = anp(7), electrical conductivity onp = onp(7T) and thermal conductivity
knp = Knp(T) of the materials of n- and p-type legs are functions of temperature.

The boundary conditions for this system are written as follows [14]:

T,2(0)=T,"(0) =T, (0), I =1,"0) =T, 1), k=1..,N,
T(])(O):tha T(N)(l):T3> T(k)(o):T(k_n(l)"'STa k=2,..,N, (4

(k) (k=1)

ql nk :qo nk713 k:2,...,N,

where 07 is the temperature difference caused by the thermal resistance of the inter-stage
insulating plate, which in standard modules does not exceed 0.5 K, nk is the number of

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2026 37



L.M. Vikhor, M.P. Kotsur, V.K. Khrykov, R.G. Cherkez
Computer Simulation of the Non-Stationary Operating Mode of Thermoelectric Cooling Chamber for ...

thermocouples in the k-th stage, ¢."’, ¢/’ are specific heat flows through the heat-absorbing and

heat-releasing junctions of the thermoelements of the k-th stage, respectively, which are
determined as follows

w-glewet] Caesleot] o e

n,p n,p n,p

where 7o is contact resistance [16].
Applying the solution of the boundary value problem (3) — (4), the cooling capacity Q.
and the power consumption W of thermoelectric modules are calculated using the formulae:

N
O, =-mnyq"1, W= _MIznk (4" — a5, (6)
pam

where m is the number of modules used to cool the chamber.

Based on the quasi-stationary heat balance equations (1) with initial conditions (2) and
boundary value equations (3)—(4) for calculating the characteristics of the thermoelectric
module, an algorithm and a computer program were developed to study the temporal behavior
of the temperature in the thermoelectric cooling chamber and the parameters that characterize
the efficiency of its operation.

It should be noted that the current / of the thermoelectric modules can be controlled, i.e.,
its value can be changed at certain time instants or given time functions of the current /(¢). can
be used. Therefore, the developed algorithm can be used to study the characteristics of arbitrary
dynamic modes of chamber cooling.

3. Algorithm and program for calculating the characteristics of a cooling
chamber

For computer simulation of non-stationary operating modes of a thermoelectric cooling
chamber, the following data must be specified: the heat capacities of the chamber, the object in
the chamber, the radiators and the metal insert, the thermal resistances of the radiators, the
dimensions of the chamber and the metal insert, the thickness of the chamber insulation, the
specific thermal conductivity of the insulation materials and the metal insert, the ambient
temperature, the temperature that must be achieved in the chamber, the thermal power of active
heat release of the object being cooled in the chamber. The number of TE modules used for
chamber cooling is also specified, as well as the module design parameters, namely the number
of stages, the number of thermocouples in each stage, the height and cross-sectional area of
their legs, and the supply current for the modules when thermocouples are connected in series.
The application interface for entering this data is shown in Fig.2.

The temperature dependences of the parameters ounp(7), onp(T) and «np(T) of
thermoelectric materials of n- and p-type conductivity are given in the program in the form of
polynomials that approximate these characteristics for materials based on Bi2Tes. The program
interface (Fig. 3) allows you to adjust the polynomials as needed.

38 Journal of Thermoelectricity Nel, 2026 ISSN 1607-8829



L.M. Vikhor, M.P. Kotsur, V.K. Khrykov, R.G. Cherkez
Computer Simulation of the Non-Stationary Operating Mode of Thermoelectric Cooling Chamber for ...

Basic parameters for calculation

Refrigerator basic parameters . .
d 2 Thermoelectric material parameters

Temperature range between
Toreq Required chamber temperature 260 K 20000 K and (30000 K

Cooling chamber

v voe 00 cubecn [t |

Ta Environmert temperature | 298 K

Cc Chamber heat capacity 20000 JIK
51 Chamber surface area 50000 s0.cm

hi Charnber insulation thickness |1-00 cm
k1 Chamber inzulation heat conductivity 0.000342 whicm K

Ca Heat capacity of object ta be cooled 000 JAK
Qo Heat production in chamber 0.00 i

Themoelechic cooler

n Mumber of stages 2
| Thermaelectric branch length 014 cm
50 Branch cross section area 10036 30, cm o]

i TEC curent  |6.0 &
Mumber of madules |1
STEC TEC area 16.00 30. CM

Parameters for air heat exchange

Cooling Chamber Case Erviranment temperature T a = 298.00 K
51 500.00 £q.cm
h1 1.00 cm l l l l l l Cancel

k1 0.000348% / cm K

T
Qact Cooling chamber radiator

=t ac 110000 yyrsqemk)
Fc |0.200 K 2w

Metal plate
! T = LI Se [ s
K.al 200 WiemK, oe [f20d0 Uk
cal 0880 UK
dal |270 g/cm™3 Mumber of pair

TEC: 2 stages Ut elme ’SB—
Hot radiator

Rh o500 K/w ""“" 2nd stage ]45—
e L

e
Crh |E1.10 JAK

Fig. 2. Program interface for entering data for calculating a thermoelectric cooling chamber

To calculate the time dependence of the temperature in the chamber, the following
algorithm of successive approximations is used.

1. Using the initial values of temperatures 73 and 74 (2) for boundary conditions (4), first
the nonlinear boundary value problem (3)—(4) is solved by finite element methods and Newton

iterations. Formulae (5) and (6) are used to calculate the values of cooling capacity Q" and
power W at the first time step.

2. Using the system of equations (1) of the heat balance, we calculate the temperatures
7O, T, TV, T," at the first time step

3. We repeat steps 1-2 and find the values O, W, T, T, T,", T\ sequentially at

each time step i.
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4. We perform calculations according to points 1-3 until the temperature ﬂ(i")at some

final time instant irreaches a value which is close, with a given accuracy, to the cold temperature

that must be achieved in the chamber.

E, = TZ W consumed by the thermoelectric modules during this time.

[1]:9

FL n-type d
FIT)=A +a T m2T2 +A3T3 m4T4 +A5T5 mETE +A?T?
Temperature T in Celsius’ dearees
Alpha Sigma K.appa

A [1.199E+3 |1.565E+1
Ay [3ezEa |-5.356E +0 |-3.390E-2
Ao a73ES |2.060E-2 [1.7326-4
Ao |6EEEE-7 |-9.296E-5 |1.626E-6
Ay |0.000E+D |-3.423E9 |1.865E-&
Ao [0.000E+D [1.531E-9 |5.598E-11
A |0.000E+D |2.497E-11 |0.000E +0
A - |0.000E+0 |0.000E +0 |0.000E+0

oK.
WL p-type coefficients
FIT)=A +A, T +A2T2 +ﬁ3«3T3 +A4T4 +ﬁ3«5T5 +AETE AT

Temperature T in Celziue” degrees

Sigma k.appa
|1.145E +3 [1.478E+1
|-7.5E2E+0 |-2171E-2
[223E3 [3.469E 2 [2261E-4
ECIE [1.682E-4 [3.238E-7
[DO00E+D [1.024E6 |0.000E +0
[DO00E+D |0.000E +0 |0.000E +0
[MO00CE+0 0.000E+0 [0.000E+0
[MO00CE+0 0.000E+0 [0.000E+0

by a small value of time step .

5. We calculate the cooling time of the chamber 7, =i t and the electrical energy

Fig. 3. Program interface for correcting the characteristics of thermoelectric materials

Note that the convergence of such an algorithm of successive approximations is ensured
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The results of the calculation by the program are the time dependences of the temperature
in the chamber 7,(¢) , the temperature of the radiator base in the chamber 7, (), the temperature

of the heat-absorbing T7;(¢) and heat-emitting T, (¢) surfaces of the TE modules, as well as the

cooling time of the chamber, the values of the temperatures 71, T2, T3, T4 at the final time instant,
and the electrical energy consumed by the TE modules.

Program interface for displaying the results is shown in Fig. 4. As an example, Fig. 4
shows the results obtained for a 1 liter chamber cooled by a two-stage TE module. The module
design and other input data for these results are shown in Figs. 2, 3. In this example, the chamber
is cooled from 298 K to a temperature of 260 K in 28 minutes.

Results & Report

00K Date:  26.02.2026 11:41:20 #1173533 Calculation result

;f__—h'—-—-—__._ Required cooling chamber termperature 260,00 K
haz been recognized at 1690.00 zec =0 002810 dhemes
[ At the moment
chamber temperature was 260,00 K
cold radiator temperature was 268,16 K
metal plate temperature waz 257,28 K
hot radiataor ternperature was 330,91 K

E‘\ -Ta At the last calculated moment of 182000 gec = 0 0:30:20 dihom:z

chamber temperature was 259 48 K
‘% cold radiator temperature was 207 668 K
h\h metal plate temperature waz 256,79 K
hot radiator temperature wasz 330,84 K

=y Steady state temperatures [t = oo];
Chamber temperature 256,94 K
- Tr2q |Cold radiator 255.17 K

— Metal plate 254,33 K

Hot radiator was 330,45 K

Heat load is 8.881 W

Electic power BE.0T2 W

/!
/

240.0F,
Report unique #1173539

0z =0: 00000 dhercs 19005 =0 0.3 |26.02.2026
11:41:38

190.00 sec. bebween time grid lines e The end of report.
10.00 K. between terperature arid lines | W

K1 2

Print Fepart Save Repat az...

Fig. 4. Program interface for displaying the results of calculating

the characteristics of a thermoelectric cooling chamber

Conclusions

The developed model of the cooling chamber takes into account the thermal resistance and
heat capacity of all the main elements of its design, which ensures that the simulation of the chamber
cooling process is close to the actual conditions of its operation.

The solution of quasi-stationary heat balance equations at the boundaries between the main
elements of the refrigerator model, together with the solution of a stationary boundary value problem
for finding the temperature distribution and heat flow in thermoelectric legs, allowed the
development of an algorithm and a computer tool for simulation of non-stationary operating modes
of TE cooling chamber.
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The implemented computer tool allows visualization of the temporal temperature change in
the chamber and analysis of the influence of the design parameters of thermoelectric modules and
their operating mode on the efficiency of the cooling process. The results obtained can be used to
improve the existing and develop new designs of TE modules and optimize their operating modes in
order to increase the energy efficiency of chamber cooling and ensure its temperature stability.
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Komm’rorepHe Moe/Il0BaHHA HECTALIOHAPHOI'O PeXKUMY
pPo0OTH TepMOEIEKTPHYHOI X0JI0MIBHOI KaMepH
MeJIHYHOI0 PU3HAYCHHS

Y pobomi 3anpononosaro modenv mepmoereKmpuiHoi Xon00UiIbHOL Kamepu MeOUutHo20

NPU3HAYEHHA, IKA 6paAX06)¢€ mennosuii OI’llp ma menioeEMHICMb 8CIX OCHOBHUX eleMeHmiq
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i1 KoHcmpykyii, wo 3ab6e3neuye HAOIUNCCHICMb MOOEIOBAHH NPOYECY OXONOONCEHHS
Kamepu 00 peanbHux ymoe ii excnayamayii. Onucano mamemamuyruil Memoo
MOOEN0BAHHS XAPAKMEPUCUK HECMAYIOHAPHO20 NPOYECY OXOA00NCEHH MAKOi Kamepu,
SAKULL 2DYHIMYEMbCA HA PO38 A3YBAHHI KBA3ICMAYIOHAPHUX PIGHSAHb MENI08020 OANANCY HA
MENCAX MIdHC OCHOBHUMU eleMeHmamy MoOeni XON0OUNbHUKA Yy CYKVAHOCMI 3
PO368°A3V6AHHAM  CMAYIOHAPHOT  Kpatlogoi 3a0aui 07 3HAXOOJNCEHHS  PO3NOOLLY
memnepamypu i Menio8020 HNOMOKY 6 mepMoeieKmpuyHux eimkax. Pospobneno
aneopumm i KOMR rOmepHull 3acib 01a PO3PAXYHKY XApPAKMepUucmux i napamempis
OXONI0OJICEHHS Kamepu 8 HeCMAayioHapHoMy pedcumi ii pobomu. Komn tomepna npozpama
00360J1€ AHANI3YBAMU 6NIUE KOHCMPYKYII MepMOenieKMPUUHUX MOOYIi8 i pedcumy ix
JHCUBTIEHHS HA eeKMUBHICNb NPOYECy OXON00NCEHHs KAMepU, d OMPUMAHI pe3yibmamu
suKopucmosgysamu 01 600CKOHANeHHs KoHcmpykyii TE modynie ma onmumizayii
pedicumie ix pobomu.

KarouoBi cjoBa: TepMOeleKTpUYHA XOJNOAWIbHA KaMmepa, HECTALIOHAPHUI peXuM,
KOMIT FOTEpHE MOJIECTIOBAHHS, TEPMOETIEKTPUUYHUI MO JIb.
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