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The thermal inertia of the wall manifests itself as a damping of amplitude (Decrement Factor) as
well as a temperature wave phase lag (Time Lag) upon its passing through the wall. The objective
of the research was to highlight the utilization prospects of these phenomena in the building
envelops of large refrigerated warehouses. Numerical methods were used for nonlinear, non-
stationary processes simulation. The relationship of the refrigeration cycle to the thermo-
insulating walls of the cold store in the conditions of daily external temperature oscillations and
solar radiation flux has been studied. As the ambient temperature rises, the power efficiency of
the refrigeration cycle is decreasing and the need to increase the compressor displacement is
growing. If the value of the phase delay in the wall is optimum, the daily minimum of the heat
leakage through the wall enters the chamber with the phase shift for the period of maximum daily
external temperature. This enables to smooth out the daily oscillations amplitudes of the heat load
of the refrigerating machine as well as compressor power rating and to approximate their peak

values closer to the average daily ones. The study had been concluded by demonstrating the
possibility of reduction in: heat exchange areas for both condenser and evaporator, receiver
volume, diameter of pipelines, material cost. Better conditions for temperature stabilization in the
cold store will enhance the keeping quality and prolong the food products shelf life.

1. INTRODUCTION

Daily oscillations in external temperature and heat flux intensity of solar radiation create temperature waves
in the outer walls of buildings. The thermal inertia of the wall manifests itself as amplitude damping and as
phase lag upon passing temperature wave through the wall. The optimal choice of the buildings walls
thermal inertia parameters values during design and construction allows to improve energy saving and the
general energy characteristics of residential and public buildings. For existing buildings, the value of the
walls thermal inertia is used to estimate the energy performance of buildings. There is an international
standard "ISO 13786 Thermal characteristics of building elements - Dynamic thermal characteristics -
Calculation methods" for engineering calculations of the parameters of thermal inertia of walls of buildings

[11.

The thorough explanation of the thermal inertia process in the wall presupposes that the amplitude of the
temperature wave is decreased (decrement factor - DF) and the temperature wave phase is delayed in time
(time lag -TL) while the temperature wave is passing through the thickness of the walls. The oscillation
period of the temperature wave does not alter.
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High DF values help to improve conditions for constant temperature maintaining inside buildings. The need
to find solutions to provide the proper level of comfort and to reduce energy consumption for heating and
air conditioning in residential and public buildings has stimulated research activity and contributed to the
publication of a wide range of scholarly works focused on the issue [2-20].

Utilization of the walls thermal inertia to reduce the impact of daily oscillations of environmental
parameters on the stability of microclimate ones inside residential and public buildings is also of great
practical interest. The adaptation of effects of the walls thermal inertia offers the opportunity to reduce
energy consumption for heating, ventilation and air conditioning for both residential and public buildings
[3-5]. Thermal inertia of multilayer walls depends on the order of layers from different materials
arrangement. The search for a rational order of such layers’ arrangement makes it possible to achieve higher
values of thermal inertia at the same consumption of materials. The influence of the design features of
multilayer walls on the value of their thermal inertia has been considered in [6-8]. Impact of thermophysical
properties of materials on thermal inertia was reviewed in [8-11]. A rational choice of building materials is
important to reduce the cost of building walls at a given value of their thermal inertia. The research and
studies of thermal inertia are carried out by methods of in situ experiments [9, 12-17] and mathematical
simulations [6, 7, 18-20].

Numerous researches are mainly focused on the study and implementation of thermal inertia DF in
residential and public buildings. This study was undertaken because of the lack of published research
focused on the problem of determining the rational value of the time lag of the temperature waves phase in
the fences (walls, ceiling) of large refrigerated warehouses. Such refrigerators are used for off-season
storage of large amounts of food. The chambers of such refrigerators have a total cargo volume from several
tons to ten thousand tons or more. Thereby they are the largest consumers of electricity. Optimization of
their design and operation can reduce energy consumption and improve the quality and duration of storage
products The main objective of the study is to find the optimal values of the thermal inertia parameters for
cold chambers thermal insulation in different geographic zones and environmental conditions.

2. METHODS OF WALL THERMAL INERTIA PARAMETERS CALCULATION
2.1. Analytical Solution of the Task of the Walls Thermal Inertia Parameters Calculation

In [1], to calculate the parameters of the thermal inertia of the walls, a method was used based on solving
the equation of thermal conductivity of a multilayer plate with a periodically varying surface temperature
under boundary conditions of the 1st kind [21]. In [1, 21] calculations are performed in matrix form, which
is inconvenient for visual analysis of formulas.

The complete analytical solution of the task of walls thermal inertia parameters calculation is given in [22].
This solution has been developed for multi-layer walls for the case of harmonic oscillations of the external
temperature at a constant indoor temperature under boundary conditions of the 3-rd kind on the outer
surfaces of the walls. The solution [22] allows calculating DF and TL of the temperature wave when it
passes through a multi-layer wall provided that thicknesses and materials properties of its layers are known.
The solution is shortly described below, following [22].

With harmonic oscillations in the ambient temperature, the temperature of the outer surface of the fence
(wall) also has harmonic oscillations

t

out

2n
= tout.O + At.out : COS? (T * (Pout) (1)

where ¢ - average daily temperature of the outer surface of the wall, °C;

out.0
A, . - daily amplitude of the wall outer surface temperature, °C;
T - oscillations period;

T - time;



1104  Yurii Anatolievich MIRONCHUK, Mykhailo Georgievich KHMELNIUK / GUJ Sci, 35(3): 1102-1114 (2022)

0, - Phase of temperature oscillations of the wall outer surface (measured in units of time).

By passing the temperature wave through the wall (Figure 1), its amplitude decreases, the phase lags, and
the oscillations period remains. Thus, the temperature of the inner surface of the wall is

tins = tins.o + At.ins : CostTE (T x Pins ) ' (2)
tou[ )\ T o annre, -
AI.OUI‘ /
/ tim‘ /
tam‘.() A :
Iins.() At.ins
P our T /X ) \ | -
Pins T
Figure 1. Time Lag and Decrement Factor for temperature wave
passing through a multi-layer wall
Temperature wave amplitude damping (DF)
A t.out
DF = @)
A t.ins
Temperature wave phase lag (TL)
TL= Pout = Pins - (4)

For the case of harmonic temperature oscillations (1, 2), to the differential equation of heat conduction
through a single-layer wall corresponds the specific solution, in which the temperature ¢ is a complex
number, expressed in terms of the hyperbolic sine and the hyperbolic cosine functions

27T . ; R
ize(Tl) -{A-ch[x- EJJrB-sh[x- E]] : (5)
Ta Ta

Here, A4 and B — are constants, derived from the boundary conditions;
a - thermal diffusivity of the layer material, m?/s;

X - coordinate through the wall thickness.
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In (5), the dot above the temperature designation means that the temperature is considered as a radius vector
on the complex plane, which rotates at a constant angular velocity with a period 7 .

Equation (5) allows to calculate the value of the temperature / radius vector on the complex plane for the

randomly assigned time T , at the randomly assigned distance x from zero coordinates. The DF and TL
of the temperature wave in the layer can be found by dividing the complex Equation (5) for the temperature
on the outer surface of the layer by the same equation for the temperature on the inner surface of the layer.
If this operation is repeated stepwise for every next layer, it is possible to find DF and TL of the temperature
wave when it passes through the multilayer wall

z(Rs\/T)x Sii + ating SVt . Spfi + Yo q Yo+ oo
SiVi+Y,  Spvi+Y, Spi +Y, Zout

B=¢€ (6)

In Equation (6) the layers are numbered from the side of the cold store in contrary direction to the direction
of heat leakage though the wall.  is a complex number. Its modulus expresses DF, and its argument

expresses the TL of the temperature wave from the environment to the inner wall surface. ajns and aq

are the coefficients of convective heat transfer for inside and outside surfaces of wall. R is thermal resistance
of the material layer. S is the coefficient of the heat assimilation of the layer material. It depends on the
oscillation period of the temperature wave and on the heat capacity C , density p, thermal conductivity A

of the layer material

_[2mA-Cop
S = — (7

In Equation (6), Y is the heat absorption coefficient of cross - section for any plane section along the wall

thickness. Y is a complex number. Its modulus is equal to the ratio the amplitude of heat gains oscillations
to the amplitude of temperature oscillations in the selected plane section of the wall. The argument
characterizes the magnitude of the phases shift between temperature oscillations and heat gain oscillations
for the selected plane section.

h(R,S, i)+ ;—[i

1+ ;/% -th(R, 5,

Y, =S+i (8)

On the inside surface of the wall Y, = a.,,.

In Equations (6), (8) the product RS of the layer thermal resistance and the heat absorption coefficient of
layer material is called the thermal inertia of the layer

D,=R,-S, . 9)

Thermal inertia of multilayer wall is equal to the sum of layers’ thermal inertia
n

D, =2D,=2(R;S,) . (10)
i=1

From the analysis of Equations (6) and (8), it can be seen that thermal inertia is the main factor, on which
the values of TL and DF depend. For a multi-layer wall, TL and DF additionally depend on the order of
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layers in the wall, on the intensity of heat transfer on the wall surfaces, on the presence and thickness of air
interlayers inside the wall.

The analytical solution [20] reveals the physical nature of the TL and DF, shows the factors on which their
intensity depends. But the direct use of [22] for engineering calculations is not accessible, since the
conditions, for which the analytical solution was obtained, differ from the actual operating conditions of
the fences of cold stores. First, the daily fluctuations in external temperature are far from harmonic. Second,
the real nature of the heat gain from solar radiation does not correspond to the boundary conditions adopted
in [22].

Third, the real boundary conditions are essentially nonlinear. Also, the reason for nonlinearity may be the
dependence of the thermophysical properties of the layers materials on temperature. The combination of
these factors determines the need to apply humerical methods for the engineering analysis of this problem.

2.2. The Real Scheme of Heat Transfer Through the Walls of the Cold Store

During the daytime, the outer surface of the wall absorbs the energy of solar radiation ¢, and heats up
to a temperature higher than the outside temperature. One part of heat from the heated outside surface of
wall is withdrawn by convection to colder atmospheric air - (., . The second part of heat is removed by

infrared radiation into the environment - (,,4 . Remaining portion of heat is gone into the cold store by

thermal conductivity through the wall - q , . As an illustration, Figure 2 shows a diagram of heat transfer
through a flat roof of the cold store.

<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<
<<<<<<<<<<<<<

\\\\\\\\\\\\\\\\

plastic

QCCI}T’! = qx = qscm - qrad - qc‘()i’ﬂ"

Figure 2. Heat transfer through the flat roof of the cold room

The boundary conditions are substantially non-linear as the g, intensity varies throughout the day. As a

consequence, the temperature of the outer surface of the wall and the difference between the surface
temperature and the ambient temperature change. This is accompanied by a change in the intensity of the

Orag and Qcopy - The dependence of the thermophysical properties of wall materials on temperature creates
an internal nonlinearity.

2.3. Numerical Solution of the Thermal Conductivity Equation

The various variants of the finite difference method are the most common for the thermal conductivity
equation numerical solution [23]. Explicit method, implicit method, Crank-Nicholson method are
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convenient to solve linear equations. The implicit method is very popular because it is absolutely stable and
it allows to integrate linear equations with a large time step.

For equations with high nonlinearity the numerical integration with small time steps is required for getting
possibility to make corrections on nonlinearity at each time step [24]. Under such conditions, it is easier to
use an explicit scheme with a simple computational algorithm. The explicit scheme is stable only at small
time steps of integration, not exceed the critical value

2
TS—C.D.S
2\

A (12)

In (11), & is the step of spatial grid.

For the numerical integration of equations with high nonlinearity, it is more convenient to use the method
of elementary heat balances. This method was proposed in [25] for linear equations and improved in [26]
for nonlinear equations.

When creating a numerical model, the method with iterative calculation of the surface temperature was
applied to approximate complex nonlinear boundary conditions at each time step [27]. Such approximation
of the boundary conditions provides high convergence and stability of the computational algorithm, which
makes it possible to perform calculations with high accuracy at a small number of nodes for the spatial grid.
From (11) it is easy to observe that if the step of the spatial grid is doubled, the number of nodes will be
halved and the time step for one node will be increased by 4 times. In total, it will reduce the calculations
duration for the wall by 8 times.

The created numerical model was programmed in Pascal. The approximation property of the mathematical
model was verified by comparing the simulation results with analytical calculations according to [22].

For the necessary simulation of the refrigerated warehouse operation, the developed program also includes
a refrigeration machine model and an environment model.

2.4. Simulation of Refrigeration Machine

The simplest model of an ammonia refrigeration machine was used. Its single-stage cycle is shown in Figure
3. The calculation of the cycle parameters was carried out following the recommendations [28, 29].

A
P 3 Pkdx 2

Po

4 /1

Figure 3. Model operation cycle of single stage ammonia refrigeration machine

.
>

The refrigeration cycle parameters are determined by evaporating temperature and condensing one.
Evaporating temperature is set depending on the required temperature in the cold store and then it is kept
constant. The condensing temperature and pressure are automatically self-adjusting depending on the
ambient temperature. Since the temperature of the outside air is continuously changing, the temperature
and pressure of condensation also change. At the same time key parameters of the refrigeration machine
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performance as coefficient of performance, volumetric capacity coefficient, and compressor efficiency also
continuously change in accordance with condensation temperature.

The refrigeration coefficient of performance (performance energy ratio) characterizes how much artificial
cold is produced per unit of consumed power. For the ideal Carnot refrigeration cycle we have

e lo (12)
de _TO
Volumetric productivity of piston compressor equals
1
L PP (@Jm—l . (13)
Tra B
Adiabatic efficiency of ammonia piston compressor equals
TO
n;, =—+0,001- (7, —273). (14)

kd

The mechanical power of piston compressor which is required to produce refrigerating capacity 0,11

k-1

1 k By ) *
Ny = Lowar_ _*_p (%) -1 . (15)
1

According to Equations (12) - (15), with an increase in the condensing temperature and pressure, volumetric
productivity and adiabatic efficiency of the compressor decrease, and the specific work of the refrigerant
compression increases. Consequently, in the daytime, specific energy consumption and volumetric capacity
of compressor, required to produce a unit of refrigeration will be higher than at night. In this regard, the
issue of TL utilization so that the daytime peak of heat flow to the outer surfaces of the walls can come to
the cold store at night is still relevant.

2.5. Real Character of Environmental Parameters Daily Oscillations

Daily oscillations of the external temperature are not harmonic. The minimum air temperature is observed
before sunrise. The maximum air temperature is observed in 2-3 hours after noon local solar time. The
graph of the daily oscillations of the external temperature is no symmetric, as shown in Figure 4. The degree
of asymmetry depends on both the geographical latitude of the area and the season of the year.

1. -10

air T —

T -15 \\
P ™
s ~__

0 3 6 9 12 15 18 21 24
7, hour

Figure 4. The typical daily variation of air temperature in the middle latitudes of the continent
for winter time
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The intensity of the heat input by solar radiation depends on the daytime, season, latitude of the area,
orientation of the irradiated surface, transparency of the atmosphere, the presence of clouds, the presence
of precipitation, the presence or absence the shade from trees or neighbouring buildings.

3. THE RESEARCH FINDINGS AND DISCUSSION

Simulation of nonlinear nonstationary processes was performed for a cold store with a flat roof, the
temperature of frozen foodstuffs was -20°C. The thermal resistance was set at 5 m2K/W. The outer surface
is considered as a grey body with a blackness level of 0.9, which corresponds to a flat roof contaminated
with sand. The estimated season is July 1, which corresponds to the annual maximum ambient temperature
after the summer solstice in the northern hemisphere.

Comparative calculations were performed for two variants of the flat roof. The wall made of sandwich
panels (the sheets of foam plastic covered with a protective thin-walled metal shell) could be referred to as
an example of the wall with low thermal inertia. Thickness of the metal shell is minor and therefore its
contribution to the thermal resistance and thermal inertia of the sandwich panel is negligible and can be
ignored. Taking into consideration all of the above, the wall with low thermal inertia was simulated as one
foam plastic layer without a protective shell.

To simplify the model, walls with high thermal inertia were considered as consisting of only two layers of
material. The concrete layer provided the required wall strength. The foam layer provided thermal
insulation. Thermal resistance of two-layer walls equals

R=R.+R,, = i—c+6F—P (16)

C 7\’F.PA

Thermal inertia of two-layer wall

5 )
D=R.-Sc+Rpp Spp = }L_C‘SC + LS, (17)

Since A, >> A, and S, >> S, ,, on the basis of Equations (16), (17) at a specified value R for wall, it
is possible to obtain the required value D of the wall by choosing the ratio between the layer thickness of
concrete 8. and the layer thickness of foam plastic &, , . When performing the calculations, it was

selected the value of the thermal inertia of a two-layer wall, at which TL provided a shift of the night time
minimum heat leakage through the wall for the time of the daytime maximum of the external temperature.

3.1. Time-Lag Impact on Refrigeration System Technical Characteristics
The influence of TL in the flat roof on the daily dynamics of the operating mode of the refrigeration system

is presented in Figure 5. In Figure 5 all values are given relative to 1 m? of roof surface. Geographic location
and climatic conditions are given for Odessa city, Ukraine.
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Figure 5. TL impact in a flat roof on the daily dynamics of the operating mode of the refrigeration
system: 1 - heat leakage into camera through the flat roof; 2 - effective power of compressor;
3 - thermal load of the condenser. a - low thermal inertia of the wall (black lines); b - high thermal
inertia of the wall (grey lines)

In case when the thermal inertia of the wall is equal to zero, the time lag is absent and the current value of
the heat gain into the cold store at the current time t depends on the temperature of environment ¢z, at

the same current time <

9cam (T) =" [town (T) - tcam] : (18)

1
R
At zero thermal inertia, the maximum heat leakage through the wall enters the chamber during the hottest
time of the day. In this case, the refrigeration machine must operate with the maximum condensing
temperature and the minimum values of the coefficient of performance (12), volumetric productivity (13)

and adiabatic efficiency (14) of the compressor. At this time the maximum volumetric productivity of the
compressor and the maximum mechanical power (15) are required to produce cold.

If the thermal inertia of the wall does not equal to zero, TL takes place in the wall. In this case the current
value of the heat gain input into the cold store at the time t is determined by the temperature of environment
at the time (t—7L)

1
Geam(T) = E Ltpn(T=TL) =] - (19)

Equation (19) is illustrative and approximate because it does not take into consideration the effect of DF in
the wall, as can be seen in Figure 5. As follows from (6) the values DF and TL are interrelated. This
interrelation depends of layers’ number, their order, thickness and thermophysical properties of layers’
materials.

With a correctly assigned thermal inertia, the TL value is such that the minimum daily value of the heat
leakage through the wall is shifted by the time of the maximum daily ambient temperature. If the TL value
is high, the DF value will also be high. Due to this, the amplitudes of daily fluctuations of the heat leakage
through the wall and the amplitudes of the effective power of the compressor and the amplitude of the heat
load of the condenser are reduced. Taken together, this makes it possible to reduce the installed volumetric



1111 Yurii Anatolievich MIRONCHUK, Mykhailo Georgievich KHMELNIUK / GUJ Sci, 35(3): 1102-1114 (2022)

productivity of the compressor, the heat exchange area of the condenser and chamber evaporators, the
volumes of the receivers and the diameters of the pipelines.

3.2. Climatic Conditions Impact

The expected efficiency of TL application depends on the climatic conditions of the cold store location.
The main parameters that determine the daily dynamics of the environment state are the daily amplitude of
temperature fluctuations of the atmospheric air and amplitude of the heat gain intensity oscillations from
solar radiation. The air temperature daily amplitude depends on the climatic conditions of the area - for
example, over the surface of the oceans it is 2+4°C, and in deserts it can be more than 30°C. The intensity
of heat gain by solar radiation depends on the daytime and season, the geographical latitude of the area, the
angle of inclination of the surface to the vertical, the angle of inclination of the surface to the geographic
meridian.

In the process of simulation for the calculation of heat gains from solar radiation, the geographical latitude
is set to 40°. In the North Hemisphere at this latitude there are densely populated industrialized territories
and the capitals of many countries (USA, Portugal, Spain, Italy, Greece, Turkey, Transcaucasia, Central
Asia, China, Japan) with different types of climate - from oceanic to sharply continental. Since for all the
indicated territories there are different values of the maximum and average annual air temperature, when
carrying out calculations to achieve the conditions of comparability, it is assumed that the average daily
temperature for the calculation period is 25°C.

Daily amplitude impact of the air temperature on the daily amplitude of the heat leakage through the wall
is presented in Figure 6. In this figure the lines of the same color show the maximum and minimum daily
values of heat gain. The distance between the lines of the same color represents the daily amplitude of the
heat gain. At zero amplitude of the air temperature, the amplitude of heat gain was determined by the
intensity of solar radiation.

5 10 15 20 Atair, C

Figure 6. Daily amplitude dependence of the heat leakage into the cold store through a flat roof on the
daily amplitude of the air temperature with lowly inertial (black lines) and highly inertial (grey lines)
thermal insulation

The influence of the daily amplitude of the atmospheric air temperature (in the presence of a heat gain from
solar radiation) on the daily dynamics of the operating mode of the refrigeration unit is shown in Figure 7.
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Figure 7. Relative decrease depending on the ambient temperature amplitude: 1 - maximum
volumetric productivity of compressor; 2 - maximum effective power of compressor; 3 - maximum heat
power of condenser; 4 - maximum specific heat leakage into the camera through the wall; 5 - daily
consumption of electrical power

From the analysis of Figures 6 and 7 it can be seen that the use of TL is more effective for climatic zones
with high daily amplitude of atmospheric air temperature at a high intensity of the solar radiation gain.
Since TL shifts the heat gain from solar radiation into the chamber from day to night, a positive effect is
achieved even at zero daily amplitude of the ambient air temperature.

4. CONCLUSION

In the design of refrigerators, it is necessary to ensure the optimal TL in the insulated walls and roof. At the
same time, high DF values will also be provided. This will reduce the peak heat leakage through the walls
to the average daily level. As a result, a lower installed compressor displacement and a lower installed
compressor motor drive power will be required. The design values of the heat exchange areas of the
condenser and chamber evaporators, as well as the volumes of receivers and the diameters of pipelines, will
decrease.

Improving the conditions for maintaining a stable temperature in the cold stores contributes to increase in
the quality and increase in the shelf life of food products in the refrigerator.

With favorable ratios between the daily amplitude and the average daily temperature of the ambient air and
the temperature in the cold stores, the optimization of TL can slightly reduce the total amount of electricity
consumed to remove heat leakage through the walls.

Optimization of TL for wall thermal insulation reduces the value of peak electrical power consumption of
refrigerated warehouse to the average daily level. This open the way for reducing the installed capacity of
electrical equipment, for reducing the cross-sections of power cables, for reducing peak loads on power
lines. It also helps to reduce the unevenness of the daily load graphs at the power plants.
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