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Abstract

An experimental study of a low-temperature chamber included measuring the temperature inside and outside the
chamber as it was cooled to a temperature of —150 °C and then heated with the cooling unit turned off. In addition,
the temperature of a 14.4 kg steel plate placed inside the cooling chamber was measured as it cooled from ambient
to the minimum temperature. It is shown that a regular thermal regime is established very quickly in the process of
heating the cooling chamber. From this, we can find the equivalent value of the thermal diffusivity coefficient of the
thermal insulation of the chamber. Using the analytical solution of the thermal insulation model with the value of the
thermal diffusivity obtained in the experiment with a regular thermal regime of heating, it is possible to calculate the
temperature distribution in the thermal insulation of the chamber during its cooling. Having an analytical solution
for the temperature in the thermal insulation, we find the temperature gradient on the inner wall of the chamber as
a coordinate derivative of the expression for the temperature in the thermal insulation. Given the analytical solution
for a temperature gradient in the thermal insulation, it is possible to find the heat flow through the inner wall surface,
which is equal to the product of the temperature gradient on the inner wall, inner wall surface and the thermal
conductivity of the thermal insulation. However, the thermal conductivity of the polyurethane foam insulation can
be assumed to be known with a large margin of error. Therefore, to refine the thermal conductivity coefficient of
thermal insulation at low temperatures, we will use the results of the experiment to cool a loaded refrigerator
chamber. The steel part inside the refrigeration chamber plays the role of a calorimeter. From this, we find the value
of the thermal conductivity of the thermal insulation, which is equal to 0.0407 W/(m-K), and we find the cooling
capacity of the refrigerating unit at —150 °C, which is equal to 136 W.

Keywords: Low-temperature chamber; Thermal insulation; Thermal diffusivity coefficient; Regular thermal regime; Thermal
conductivity; Temperature gradient; Cooling capacity.

EKCIIEPUMEHTAJIBHE 1OC/AIIXXEHHA HU3bKOTEMITIEPATYPHOI X010 AU/IBHOI
KAMEPH

Muxaiino b. KpaBueHnko, Cepriii B. Kokyn
Odecbkull HayioHa1bHUTl mexHo102ivHUll yHigepcumem, 8y. [leopsiHcvka, 1/3, m. Odeca, 65082, YkpaiHua.

AHoTarniqa

ExcnepyMeHTa/IbHe JOC/Ii)KeHHs HHM3bKOTeMIepaTypHOi KaMepu BKJIKYa/J0 BHUMIpIOBaHHA TeMIlepaTypu
BCcepeJMHi Ta 30BHi KaMepH, Ko ii 0X0/104KyBaiu A0 TeMmnepatypu —150 °C, a moTim Bigirpisaju 3 BUMKHEHOI0
X0JI0WJIBHOX MamuHoW. KpiMm Toro, BUMiproBajiaca Temneparypa crajieBoi IJIaCTUHH Baroxw 14.4 Kr, nomiuieHoi B
KaMmepy oxoJsofkeHHA. [loka3aHo, 0 peryJApHMH TENJIOBMH peXHM BCTAHOBJIIOEThCA Ay)Ke IMIBHJAKO B mponeci
HarpiBaHHA XxoJ0gWibHOI Kamepu. Ile fJo3Bosise 3HAliTM eKBiBaJleHTHe 3HayeHHA KoedilieHTa
TeMIepaTyponpoBiAHOCTI Temoi3o/ALii KaMepu. BUKOpHCTOBYI0UM aHa/IiTUYHe pillleHHA AJIA HecTalioOHapHOiI
TeIJIONPOBiAHOCTI Temaoi3osALii 31 3HaYeHHAM eKBiBaJIeHTHOro KoedilieHTa TeMnepaTyponpoBiJHOCTI,
OTPMMaHUM B eKCIepMMEHTi 3 peryJiAipHUM peXMMOM HarpiBy, MO>KHa po3paxyBaTH pO3NOJi/l TeMIepaTyp B
TelloizonAnii Kamepu mig 4yac ii oxosiofkeHHs. Maw4yu aHa/liTU4YHe pilleHHA AJIA pO3NOAIJY TeMmepaTtyp B
Teni0i301A1ii KaMepH, 3HaX04MMO IrpaJlieHT TeMIlepaTypHy Ha BHYTPIiLIHii CTiHIi KaMepH AK NOXiAHY BiJ BUpa3y A1
TeMIlepaTypy B TeIluloizouAnii. Malouu aHasliTU4He pillleHHA AJIA rpaji€eHTa TeMIepaTyp Ha BHYTpilIHiN cTiHmi
KaMepH, MO>KHA 3HAWTH TeNJIOBUH MOTIiK Yyepe3 BHYTPIlIHIO NOBEPXHIO CTiHKH, IKMHA AOPiBHIOE AOGYTKY rpaji€HTa
TeMmepaTypy Ha BHYTPillHii cTiHLi Ta ekBiBaJieHTHOI TemIoNpoBigHicTi Temnoizossnii. OgHAK eKBiBaJIEHTHY
TeIJIONPOBiAHICTL MiHOMOJIiypeTaHOBOI i30/ALii MOXKHAa BBa)KaTH BiJOMOI0 3 BeJIUKOW NOXUGKOKW. Tomy ajsa
YyTOYHEHHs1 eKBiBaJIeHTHOro KoedilieHTa TeNJIONpoOBiZHOCTI Temnoi3o/ALii NpU HU3BKUX TeMIlepaTypax
BUKOPHUCTAHO pe3y/IbTaTH €KCIePHMMEHTY 3 O0XO0JIOJKEeHHSM 3aBaHTAa)KeHOi XOJIOAWJIbHOI Kamepu. 3Bigcu 6ysio
3HalileHO eKBiBa/IeHTHe 3Ha4YeHHsA TelJIONPOBiAHOCTI Temoisonsanii, ake gopiBHiwe 0.0407 Bt/(Mm-K), i 3Haxoaumo
X0JIOAONPOAYKTHBHICTb X0J10AU/IBbHOI ycTaHOBKM NpHU —150 °C, sika gopiBHI0€ 136 BT.

Knarouosi caoea: HU3bKOTEMIlepaTypHa KaMepa; Telsioizouisnis; ToedillieHT TemonpoBiJHOCTI; pery/sipHUNA TemJoBUH
pexXuM; TeMJONPOBiJHICTb; TeMIepaTypHUH IpaZlieHT; MOTYXKHICTb 0X0J10>KeHHS.
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Introduction

Reducing the electrical energy consumption of
refrigerators is highly beneficial to global energy
conservation. The electric power consumption of
refrigerators is mainly related to the heat transfer
rate through the insulating walls. In order to
predict the heat transfer characteristics of a
refrigerator, many researchers [1-10] have
studied the heat transfer phenomena in a
refrigerator both experimentally and numerically.
The amount of heat loss through the insulation of
household refrigerators has also been determined
experimentally [11-16] by the reverse heat loss
method. In this method, steady-state conditions
were achieved by adjusting the compartment
temperatures to meet the requirements of the
tests using electric heaters placed in the fresh and
frozen food compartments [11-13].

This paper presents the results of an
experimental determination of heat fluxes in a
low-temperature chamber cooled by a chiller
using a zeotropic mixture of refrigerants.

Low-temperature refrigeration chambers
capable of maintaining a temperature of —150 °C
for long periods of time can be used to store
biological objects, such as donor blood, bone
marrow, and other tissues. In addition, such
chambers can be used for cold processing of steel
or plastic parts to increase their strength and wear
resistance.

The purpose of this study is to develop a
relatively simple, non-destructive method for
determining the cooling capacity of a low-
temperature refrigeration machine operating
with a zeotropic mixture of refrigerants. In
addition, as a result of processing the results of the
series of experiments, the caloric and dynamic
parameters of the thermal insulation of the
refrigeration chamber were determined.

Experimental method

This article discusses the results of an
experimental study of a chamber designed for
long-term storage of biological objects (see Fig.1).

NV

/4

Fig.1. Foto of the chamber designed for long-term storage of biological objects

The refrigeration unit of this chamber works
according to the Joule-Thomson cycle. A zeotropic
mixture of natural refrigerants: methane,
nitrogen, ethane, propane, and isobutane is used
as a working fluid in the refrigeration unit under
consideration.

The low-temperature chamber has a
rectangular  shape and dimensions of
775x460x450 mm.

The thickness of the thermal insulation of the
walls of the chamber is 200 mm. The chamber has
a cooling unit capable of maintaining the chamber
temperature at —150 °C. A schematic diagram of

the cryogenic chamber refrigeration unit is shown
in Fig. 2.

An experimental study of a low-
temperature cooling chamber included measuring
the temperature inside and outside the chamber
during its cooling to the temperature of —150 °C
and during the subsequent heating of the chamber
with the cooling unit turned off.

In addition, the temperature of a 14.4 kg steel
plate placed inside the cooling chamber was
measured as it cooled from ambient temperature
to the minimum temperature the cooling unit can
provide (approximately —150°C).
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Fig. 2. Schematic diagram of the refrigeration unit of the low-temperature chamber. 1 - lubricated compressor TAG
2513Z; 2 - preliminary condenser; 3 - first oil separator; 4 - second oil separator; 5 - main condenser; 6 - fan; 7 -
recuperative heat exchanger; 8 - throttling device (capillary tube); 9 - refrigerating chamber; 10 - evaporator

In order to measure the temperature of the
cooling chamber, a calibrated temperature sensor
(PT 1000 resistance sensor) was placed in the
geometric center of the chamber. The readings of
the sensor are automatically recorded in the

DLT 10 logger at a frequency of one minute. The
sensor has an accuracy of 0.5 °C and a temperature
measurement range of —196 to 500 °C (see Fig. 3).

Fig. 3. Calibrated temperature sensor (PT 1000 resistance sensor) to measure the temperature of the
cooling chamber

Results and discussion

Let's start the analysis of the obtained
experimental data with the results of measuring
the temperature inside the chamber during its
natural heating from -150°C to almost room
temperature. These data, taking into account the
presence of thermal bridges in the form of
refrigerant inlet and outlet pipes, fixing elements
of the chamber, etc, allow estimating the
equivalent value of the thermal diffusivity of the
thermal insulation of the chamber. In order to

estimate the value of the thermal diffusivity of the
thermal insulation of the refrigerating chamber,
we will use the regular thermal regime method
[17].

It is assumed that the ambient temperature Tz
and the coefficient of heat transfer from the outer
wall of the chamber a — are constant during the
heating process of the refrigeration chamber.
Under these conditions, the non-stationary
process of the heating of the chamber can be
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divided into two stages: the initial stage and the
stage of the regular mode of heating.

Initially, changes in the temperature field
depend mainly on the characteristics of the initial
thermal state of the insulation. Gradually, the
influence of the initial conditions is lost and the
importance of the heating conditions and the
physical properties of the insulation become
decisive. In this case, a regular thermal regime of
chamber heating starts. At the regular thermal
regime the law of temperature field change takes
simple and universal form: temperature of all
points of the chamber insulation increases with
time according to exponential law.

The heat transfer coefficient to air during free
convection has a value of approximately
5W/(m2-K), the thermal conductivity of
polyurethane foam insulation has a value close to
0.05 W/(m-K), and the thickness of the thermal
insulation of the chamber is 0.2 m, so the Biot
number, which characterizes the unsteady heating
of the chamber, will be equal to Bi~20>>1. This
means that the heating of the chamber is
determined mainly by the processes inside the
thermal insulation, and the temperature of its
outer and inner surfaces will be approximately
equal to the temperatures outside and inside the
chamber, respectively. Therefore, we will consider
the temperature of the inner wall of the
refrigerating chamber to be approximately the
same at all points, and we will make a similar
assumption for the outer surface of the chamber.

With this in mind, as a mathematical model of
the thermal insulation of the chamber, we choose
the model of non-stationary thermal conductivity
of an unlimited plate, see Fig. 4. Boundary
conditions of the third kind are set on both sides
of this plate, and zero boundary conditions of the

second kind are set on the axis of symmetry. The
differential equation of this form is used to

describe the problem of transient heat
conduction:
O°T (X,7) B aaT (x,7)
ox? or
T(x0)= 100: TP~
OX )
—EW—I—Q(TE—T(L,r):O;
X

/'LM+ a(Te -T(-L,7)=0;
OX

where T (x,t) is the current temperature of the
thermal insulation of the refrigerating chamber,
[K]; o is heat transfer coefficient from the outer
surface of the chamber to air, [W/(m2K)]; a is
coefficient of thermal diffusivity of the thermal
insulation of the chamber, taking into account the
presence of thermal bridges in the form of pipes
for supplying and discharging refrigerant,
elements of fastening the chamber, etc., [m2/s]; A
is the value of the thermal conductivity coefficient
of thermal insulation, [W/(m-K)].

The solution of the problem is given, for
example, in Lienhard's textbook [18], and can be
written as:

o) =3 gco{ w1 oo i e). @

where ® is the dimensionless temperature

O(x,7) = TETL—(')FCT) Tois the initial temperature in
E 0

the chamber; pkare the roots of the characteristic
equation: tg(y, )= _iyk; By is determined from
Bi

the initial conditions.
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Fig. 4. Design diagram for heating the refrigeration chamber

For a Biot value of 20, the first five values of i k
are, respectively: 1.4961; 4.4915; 7.4954;
10.5117; 13.5420 [18]. Hence it follows that the
leading terms of the series (2) decrease very
rapidly. Therefore, the temperature at any point of

the thermal insulation of the refrigerating
chamber, long before it reaches the ambient
temperature, will be determined by the first
member of the series (2), i.e. will follow a simple
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exponential law. In other words, a regular thermal
regime for heating the chamber will begin.

If we plot the dependence of the temperature
inside the chamber on time in a semi-logarithmic
coordinate system, then a straight line on such a
graph will correspond to the regular thermal
regime of heating the refrigerating chamber.

In Fig. 5 shows a graph of the temperature
inside the refrigerator compartment versus time
in a semi-logarithmic coordinate system. It can be
seen from the graph that in the process of heating
the refrigerating chamber, a regular thermal
regime is established very quickly, which
corresponds to the exit of the temperature change
curve to a straight line.

The tangent of the slope of this line is equal to

the exponent ,uf%. Taking the value of

-200

=1.4961, which corresponds to the value of the
Biot number equal to 20, we find the equivalent
value of the parameter a/L? for the refrigerating
chamber under consideration:

f§=54574041/s (3)

Thus, it is possible to find the value of the
parameter determining the rate of heating of the
chamber based on the analysis of experimental
data on heating of the cooling chamber.

We will now proceed to the analysis of the data
on the cooling of the chamber with the cooling unit
in operation.

Figure 6 shows a graph of the dependence of
the temperature inside the cooling chamber on the
cooling time. This dependence is approximated by
a fifth-degree polynomial of the time measured in
minutes.
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Fig. 5. Change in temperature inside the refrigeration chamber when it is warmed up.
Solid blue line - experiment; Red dotted line - regular thermal regime
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Fig. 6. Approximation of experimental data on the cooling of an empty refrigerator chamber by a fifth-degree
polynomial. Solid line - experiment; dotted line - approximation
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As can be seen from the above graph, the
polynomial of the fifth-degree from time
approximates well all the features of the time
dependence of the temperature course inside the
chamber.

As a mathematical model of the cooling process
of the chamber we again choose the transient
thermal conductivity of an infinite plate, but as
boundary conditions we choose the boundary
conditions of the first type on the outer and inner
walls of the plate. In addition, the temperature on
the outer wall of the plate under consideration is
assumed to be constant, and the temperature on
the inner wall of the plate (chamber) is assumed
to vary according to a certain law. As an initial
condition of the model, we assume that the
chamber temperature is equal to the ambient
temperature Tz To simplify the task, we assume
that the ambient temperature T is zero

O°T(x,7) 10T(x,7)
x a or |
T(L7)=Te =0; (4)
T(L,7) = f(z);
T(x,0)=T. =0,

where f (t) is a fifth-degree polynomial
approximating the time dependence of the
chamber temperature.

After the transition to the operator form in
time, the equation of unsteady heat conduction
takes the form:

2

% 1[5 T(x8)-T,(x)] 5)

where s is the time differentiation operator [19];
T, (X) is the initial temperature distribution in the

thermal insulation.

, ~ L
07T (X, s) (ﬂkﬁJdX:aT(x,s)sin(ﬂkﬁ) B
ox? L OX L

0

—r

0

= —ﬁf(X,S)COS(ﬂk 5}
L L

=_%((—1)kT ~{t(@))- (”kJ T(k,s)

© (k) E= . X
0 —(Tj IT(X,S)SIH(M(EJdX=

Taking into account zero initial conditions, we
have

T(x,5). (6)

We perform a finite integral transformation
along the x-axes using the transformation kernel,
which has the form [20-22]

T(k,s) = _([ T (x, s)sin(;zk%jdx,
k=012... (7)

where L is the thickness of the thermal insulation
of the refrigerating chamber.

The inversion formula for the selected integral
transformation along the x-axis is

T(%5)= Z UGN ( Lj. (8)

2
where ”'//k” is the normalizing factor (the square

of the norm of the kernel of the integral
transformation)

L
2_fsin? X lax=L. 9
i _£5|n (ﬂk I_jdx > (9)

In this way, the integral transformation is
introduced, which is called the Fourier sinusoidal
transformation. It allows to eliminate the second
partial derivative with respect to the coordinate
from the differential equation of transient heat
conduction.

Integrating the second partial derivative with
respect to the x-coordinate twice by parts, we
obtain

Lo~
ﬁj aT (x.5) COS(ﬂk 5jdx =
L L

OX

0

(10)

Taking into account zero boundary conditions on the outer wall of the chamber, we have

PL
0T (XS

j a( 2 )i

0

where {f (r)}= f(s) is the time dependence of the

temperature of the inner wall in time-operator
form or the image of the function f (7).

(ﬂk%)dx— {f(2))- (”kj T(k,s),

(11)

Boundary conditions of the first type were
applied to the inner and outer walls of the
chamber during the transformations. Therefore,
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the boundary conditions are already included in
the equation for the image of the second partial
derivative with respect to the coordinate.

The equation for the thermal conductivity in a
layer of thermal insulation, after a sine
transformation along the x-coordinate, takes the
form

Xt (o)) (”kj Tk9)=STks). (2
Solve the problem in image space

o)

T(k,s) = (13)

21,2

T(x,7) = 22 (f(r)) {exp(—ﬂé
_ZZ—sm( jfexp[ 2k 2

s

(z —t)j f (z)dt

Using the inversion formula, we find the
solution using the time-differentiating operator

%sin(wij. (14)
a (L

Let's transform the last equation to the form

2 &
(X S)ZE

. @)
L inl &2 1. 15
T(x,5)= 2§|:S+”|§a:|sm(ﬂk Lj (15)

To get to the originals in time, we write the
resulting solution as a convolution of two
functions

(16)

If k=0, the resulting expression becomes indeterminate, the uncertainty of the form 0/0. This
uncertainty can be resolved by using the rule of L'Hopital

lim [MJ _ tim| GG | ey (M) 0. (17)
k—0 7Zk k—0 (ﬂk) k—0 T
With this in mind, we finally have
0 T 2
T(x,7)= ZZ%sin(ﬂk %jJ‘GXp( m*k? a(T t)jf (o)t (18]
k=1 0

This solution has a fundamental disadvantage,
which is typical for all solutions of similar
problems obtained in the form of Fourier series. It
can be seen from the last formula that all terms of
the Fourier series, in the form of which this
solution is obtained, satisfy zero boundary
conditions. In other words, if we directly calculate
the values of this series at x=0 and x = L, we will
obtain zero values at the boundaries of the
thermal insulation. According to our problem, the
series should not satisfy such a boundary
condition [20]. The reason for this situation is the
uneven convergence of the obtained Fourier
series at the boundaries of the region. According
to Steklov's theorem, absolute and uniform
convergence of Fourier series can be obtained
only for homogeneous boundary conditions.

For technical calculations, these formal
restrictions are not essential, since it is always

possible to calculate the temperature value at a
point close enough to the boundary surface so that
the obtained temperature value can be considered
equal to its value at the boundary surface.

By means of equation (18) with the value of the
thermal diffusivity obtained in the experiment
with a regular regime of heating of an empty
chamber, it is possible to calculate the time
dependence of the temperature distribution in the
thermal insulation of the chamber during its
cooling. Figure 7 shows a 3D graph of the
temperature change in the thermal insulation
layer during the cooling of the chamber.

We find the temperature gradient on the inner
wall of the chamber as a derivative with respect to
the x-coordinate of the expression (18) for the
temperature distribution in the thermal insulation
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OX ~ 0

oT(x7) _ _Zi (ﬂk)zaco{ﬂk Ejj.exp[— ”Zéza (r—t)j f (z)dt .

Having an analytical solution for the
temperature gradient in the thermal insulation on
the inner wall of the chamber, it is possible to find
the heat flux through the inner wall Qg which is
equal to the product of the temperature gradient
on the inner wall surface and the thermal
conductivity of the thermal insulation

Qu(r)=A4-F AT (x.7) ,

ax |
where 2 is the equivalent thermal conductivity of
the thermal insulation, taking into account the

(20)

(19)

presence of thermal bridges, [W/(m-K)]; F is the
surface of the inner walls of the refrigeration
chamber, [m?2].

When cooling an empty refrigerating chamber,
all heat inflows into the chamber are removed by
the operating refrigeration machine. Therefore,
the cooling capacity of the refrigeration unit Qo is
exactly equal to the heat inflow through the
chamber walls

Qe(7) = Q7). (21)

T, min 500

250

Fig. 7. 3D graph of the temperature profile in the thermal insulation of the cooling chamber during the cooling
process

Figure 8 shows the dependence of the
refrigeration unit's cooling capacity on the empty
chamber cooling time. The equivalent thermal

conductivity coefficient of the chamber insulation
is assumed to be 0.0407 W/(m-K).
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Fig. 8. Changes in the cooling capacity of the refrigeration system during the chamber cooling process without load
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The internal dimensions of the refrigerator
compartment are well known. However, the
equivalent thermal conductivity of the
polyurethane foam insulation can be assumed to
be known with a large margin of error. This is due
to the fact that the thermal conductivity of thermal
insulation is highly dependent on the density of
the foam and its temperature [23; 24].

Therefore, to refine the equivalent thermal
conductivity coefficient of thermal insulation at
low temperatures, we will use the results of an
experiment to cool a loaded refrigerator chamber.

This experiment measured the air temperature in
the refrigeration compartment and the
temperature of a 14.4 kg steel plate placed in that
refrigeration compartment as it cooled from
ambient to the temperature —150 °C.

Figure 9 shows the experimental data of air
temperature in an empty and loaded refrigerator
chamber and an approximation of the air
temperature in a loaded chamber by a seventh-
degree polynomial.

0

-50 N
> \\\\/ :
v -100
>
©
S 3
g -150 \ :
(D)
|_

-200

0 200 400 600 800 1000
Time, min

Fig. 9. Approximation of experimental data on the cooling of the empty (1) and loading (2) refrigerator
chamber by a seventh-degree polynomial (3).
Solid line - experiment; dotted line - approximation

The amount of heat given off by the metal plate
can be calculated by assuming that the
temperature of the metal plate is practically the
same at all points during the cooling process. This
can be done from the measured temperature
curve of this metal part, the known weight of the
metal part, and the heat capacity of the steel.

In this way, the steel part inside the
refrigeration chamber plays the role of a
calorimeter, which allows us to measure the
cooling capacity of the refrigeration unit.
Therefore, we can determine the amount of heat
that enters this chamber from the metal parts Qu:

Qu(r)=M-c, M)
dr

where 1 is time; M is the mass of the parts placed
in the refrigeration chamber, [kg]; Cn - heat
capacity of the steel, [J/(kg-K)].

(22)

In order to determine the temperature gradient
on the inner wall of the refrigerator chamber in
the process of cooling the loaded chamber, the
same mathematical model can be used that was
considered in the experiment of cooling the empty
chamber.

Therefore, formulas (18) and (19) will also be
valid in the case of cooling a loaded refrigeration
chamber. However, in this case, the time
dependence of the temperature f{t) should be
given when the loaded refrigeration chamber is
cooling.

The heat capacity of steel is highly temperature
dependent in the temperature range from 0 to
—150 °C. The graph in Figure 10 illustrates this
dependence, which has been approximated by a
second-degree polynomial based on three known
points.
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Fig. 10 Dependence of the heat capacity of steel on temperature, which has
been approximated by a second-degree polynomial.
Circles - experiment; solid line - approximation

If we know the heat capacity of a metal plate as
a function of its temperature and its mass, then by
multiplying them by the rate of change of the
temperature of the solid metal plate, we can obtain
the dependence of the heat flux given off by this
plate on the cooling time of the loaded chamber.

Figure 11 shows a graph of the heat flux given
off by the metal plate during the cooling process of
the loaded chamber.

Q()=Q,(r)+Qu(r)=21-F

where Qo is the cooling capacity of the installation,
[W]; QL is heat input to the refrigerating chamber

Knowing the heat flux given off by the steel
plate, we can write down the heat balance
equation for a loaded low-temperature chamber
during its cooling. The cooling capacity of the
refrigerator at any moment is exactly equal to the
sum of the heat flow emitted by the steel plate and
the heat flow entering the chamber through its
walls

T (%,7) “M-C.. dT,, (7)
dx |, " dr

throughout its wall, [W]; Qm - heat input from the
still plate, [W].

, (23)

> 0
X
=
3 /
r—)
o -20 P
T \/ \ J

-40

0 200 400 600 800
Time, min
Fig. 11. Heat flux given off by the metal plate during the cooling process of
the loaded chamber

At a constant condensing temperature, the
cooling capacity of the refrigerator is determined
only by the boiling temperature in the system's
evaporator.  Therefore, at the same
temperature in the refrigeration chamber, the
cooling capacity of the refrigeration unit will be

the same whether it is cooling an empty chamber
or a loaded chamber. Hence

QO(T):QE(T):QL(T)+QM (T), (24)
where Qf - heat input to the refrigerating chamber
at cooling without load, W.
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Substituting the appropriate expressions for
the heat flows during cooling of an empty and
loaded chamber, we obtain an equation in which

A.F_GTE(X,r) =/1~F-8TL(X'T) “M.C
dx x=L dx x=L
From this we find the equivalent value of the
thermal conductivity of the thermal insulation,
which is equal to A(-150°C)=0.0407 W/(m-K), and
we find the cooling capacity of the cooling unit at
—150°C, which is equal to Qo =136 W.

m

Conclusions

An experimental study of a low-temperature
chamber included measuring the temperature
inside and outside the chamber as it was cooled to
the temperature of —150 °C and then heated with
the cooling unit turned off. In addition, the
temperature of a 14.4 kg steel plate placed inside
the cooling chamber was measured as it cooled
from ambient to the minimum chamber
temperature. It is shown that a regular thermal
regime is established very quickly in the process
of heating the refrigerating chamber. From this,
was finding the value of the thermal diffusivity
coefficient of the thermal insulation of the
chamber.

Using the analytical solution of the thermal
insulation model, was calculated the temperature
distribution in the thermal insulation of the
chamber during its cooling. Having an analytical
solution for the temperature in the thermal
insulation, we find the temperature gradient on
the inner wall of the chamber as a coordinate
derivative of the expression for the temperature in
the thermal insulation. Given the analytical
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