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Abstract. Today, it is relevant to develop a methodology for assessing the degree of deterioration of a
building based on the loss of heat-shielding properties of its external enclosing structures, and hence
the establishment of the physical parameters of the fences responsible for the formation of comfortable
conditions in the internal environment of the premises. Based on the research carried out, the dependence
of the air flow through the cell of free volume per unit time was obtained as a function of the cell diameter
and the modulus of the pressure gradient. This article presents the results of the obtained mathematical
model of the interaction of the building envelope with external climatic factors, taking into account the
regularities of changes in the characteristics of the outdoor climate.
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O HOBOM METOAHUKE OLIEHKH CTeIeHHU U3HOCA 3JaHul
€ YY4€TOM CHUKEHHUS TeNJI03alMTHBIX CBOWCTB
€ro orpax/JIariunuxX KOHCTPYKIUii
C.C. lllaymapos, E.B. lllnnayeBa

Tawxenmcekuii 20Cy0apCcmeeHHblil MPAHCNOPMHbIL YHUBEPCUMEm
Vsbexucman, Tawkenm

AnHoTanus. Ha ceronHsmHuil IeHb akTyaJIbHOM SBJISETCS aKTyaJIbHBIM SIBJISIETCSl OpPMUpOBaHUE
Hay4YHBIX OCHOB METOAMKH OLIEHKH CTEIEHU U3HOCA 3[JaHUS 10 OTepe TENI03alUTHBIX CBOMCTB
€ro Hapy’KHBIX OTPAXKJAIOLIUX KOHCTPYKIMH, a 3HAYUT yCTaHOBJIEeHNE (PU3HYECKUX ITapaMeTpOB
Orpak/ICHUI1, OTBETCTBEHHBIX 32 (POPMHPOBaHKHE KOM(DOPTHBIX YCIOBUH BHYTPEHHEW CPe/Ibl HOMEIIECHHH.
Ha ocHOBaHMM POBEAEHHBIX UCCIIEOBAHMH Oblila M0OJy4YeHa 3aBUCUMOCTD PAacxo/ia Bo3jayxa uepe3
siYeiiKy OT cBOOOIHOr0 00beMa B €IMHUIY BPEMEHH B 3aBUCHMOCTH OT JAMAaMETpa STYSHKU M MOIYIIS
rpajueHTa AaBjieHus. B JaHHOMN cTaThe NMpeaCcTaBlIEHbI pe3yJIbTaThl IOJYU€HHON MaTeMaTH4ecKon
MOJIEIU B3aUMOAECHCTBH S OrpakAaI0IUX KOHCTPYKIUH 3/1aHUsI C BHEIIHUMU KIUMAaTUYECKUMU
(hakTOpamMu, yUUTHIBAIONIAs 3AKOHOMEPHOCTH M3MEHEHUSI XapaKTEPUCTHK HAPY>KHOI'O KJIMMara,
crier(uKy yyacTrsi KOHBEKTHBHOM COCTABIISIIONICH B ITpoliecce 00IIero TermioooMeHa 1 0COOEHHOCTH
MIPOTEKaHMsI POLIecca TEMIONPOBOIHOCTH B IBUXKYIIEHCS Cpejie, B pe3yJIbTaTe 4ero Hanbosee MoHo
oTpakaromias criequpuKy GOpMHPOBAHUS TEIJIOBOI'O PEXKUMa 3aHUS B )KapKUX pailoHax.

KnaroueBble clIoBa: orpaxjaarolias KOHCTPYKIMSI, MUKPOKJIUMAT, MaTeMaTH4YeCKasi MOACIb,
KJIMMaTH4ecKue (pakTopbl, N3HOC KOHCTPYKLHH, TEMIIEpaTypa, INIOTHOCTh, TEIIIONPOBOIHOCTH,
9Heprod(h(HheKTHBHOCTE.
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Introduction

There are numerous techniques that allow, to varying degrees, to assess the degree of deterioration
of buildings [1-4]. They are primarily focused on determining the residual bearing capacity of the
main load-bearing structures of buildings and characterizing their physical wear and tear. However, an
equally important role for predicting the further operation of construction objects, especially residential
buildings, belongs to the assessment of the decrease in the heat-shielding properties of their external
enclosing structures. In this regard, relevant is the formation of scientific bases of methodology for
assessing the degree of deterioration of the building over the loss of heat-shielding properties of its
external walling, which means the establishment of the physical parameters of fencing any responsible
for the formation of favorable conditions of the internal environment of premises [5—8].

As you know, a building is a complex energy system [9, 10]. In this connection, it is most expedient
to study the process of interaction of its enclosing structures with climatic factors in order to establish
the physical parameters of the fences responsible for the formation of the microclimate of the premises,
using the method of mathematical modeling [11, 12] of its thermal regime, which makes it possible to
estimate the optimal conditions of the internal environment with minimal costs. However, the very
numerical calculation of the thermal regime of a building is a complex mathematical problem that

requires separate assumptions to simplify its solution. Previously proposed a mathematical model of
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the thermal regime of the building [11-13], as noted by the researchers themselves [14], when used in
real design, it will not allow, in most cases, to implement energy efficient measures due to a number of
restrictions associated with a specific construction situation, or factors that were not taken into account
in the modeling. Some of these factors were the following:

— changes in the temperature of the air and internal surfaces in the room do not coincide in time
and differ in magnitude;

— climatic characteristics change according to certain laws;

— physical processes of interaction of external fences with the surrounding air occur in a medium
moving at an arbitrary speed.

In addition, certain difficulties are associated with taking into account in the proposed model [11,

12] building air conditioning systems.

Development of a mathematical model
of the thermal regime of the building

In connection with the above, when constructing a mathematical model of the thermal regime of
a building, we took into account these factors, and the effect of heat supply, heating and ventilation
systems is not explicitly present.

In Making a through research mathematical modeling of interaction between external protections
to climatic factors it was based on a number of assumptions.

One such assumption is that the room consists of three partitions, a floor, a ceiling and an outer wall
with a window. It was assumed that the temperature in such a room would depend on the temperatures
on the inner surfaces of the partitions, the outer wall and the window. At the same time, the structure
of the inner partitions and the outer wall is taken into account. This makes it possible to calculate the
temperature in rooms, both old panel buildings and modern ones, during the construction of which
new technologies were used or a defect was allowed.

As one of the major physical parameters that influence the room climate in the model considering
stream of solar radiation into the room through the window and its heating indoor air due to solar
heat, and the temperature change of the partitions and the outer wall s due to radiation heat transfer.
In addition, it was necessary to take into account the specifics of the participation of the radiant and
convective components in the process of general heat exchange, which manifests itself in a different
sequence of heat transfer to the air and the inner surfaces of the room. Indeed, convective heat enters
the air and is transferred from it to the room. At the same time, the change in the temperature of the air
and surfaces in the room does not coincide in time and differ in magnitude. Radiant heat goes directly
to surfaces and changes their temperature. Air does not participate in radiant heat transfer. In this
case, the air temperature follows the surface temperature fluctuations with some delay. At the same
time, the developed model does not explicitly take into account the type of the building's heat supply
system, the presence of a forced-type ventilation system, etc., that is, artificial sources of influence on
the microclimate of the room.

The formation of the microclimate of the premises of the building, taking into account the
accepted assumptions, occurs as a result of the processes of air exchange (mass exchange — variations
in the infiltration of the outside air) and heat exchange. For consideration of these processes must take

into account the requirements for the characteristics of the micro climate of premises and the factors
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affecting them, under the laws of interaction of barriers to the internal and external environments,
heat and mass transfer processes in the heating and cooling surfaces. The phenomena occurring in
structures and materials during the transfer of heat, moisture and air through them are also of great
importance in the formation of the microclimate of a room. And, finally, it was necessary to take into
account the external factor — the characteristics of the outdoor climate and the laws of their change.

The comfort of indoor conditions in buildings is defined as a function of variations in the above
processes. In this case, the most comfortable conditions are met by the parameters of processes, the
limit of variations of which tends to zero in time, that is, in the idealized case, remain constant for a
long period. In real conditions, a change in the speed of movement of internal air, a decrease in the
temperature of the internal surfaces of fences, a decrease in the air temperature inside the room leads
to a violation of conditions that meet the requirement of comfort.

Thus, the task is reduced to finding a number of physical parameters of the internal environment
that determine the formation of the microclimate in the room and the conditions for their slight change
over time, taking into account the current regional climate change.

Consider a physical and mathematical model of heat and mass transfer.

The formation of a microclimate in a room, as a result of the interaction of the enclosing structures
with external factors (climate characteristics), ¢ g o dynamics obeys the laws of heat and mass transfer.
Under the influence of the difference between outside and inside temperatures, solar radiation and
wind, the room loses heat through fences in winter and heats up in summer. Gravitational forces, wind
and ventilation create pressure drops, leading to air flow between communicating rooms (mass transfer)
and to its filtration through the pores of the material and leaks in fences. Precipitation, moisture release
in rooms, the difference in humidity between indoor and outdoor air lead to moisture exchange through
fences, under the influence of which it is possible to moisten materials and deteriorate the protective
properties and durability of external walls and coatings. Processes of forming the heat with the room,
you need to burst out laughing — studied in detail in close connection with each other, for their mutual
influence can be quite substantial. For example, air filtration and humidification of structures can
increase the heat loss of a room in winter by several times. At the same time, the creation of a favorable
air environment in a room requires the organization of its air exchange and moisture exchange with
the outside environment.

In the process of heat exchange, the air of the main (not jet streams) volume of the room, the inner
surfaces of the fences, the volumes of air jets and the external environment are involved. The following
types of heat exchange occur between the listed elements:

— convective heat exchange occurs between the air and the surfaces of the enclosures;

— radiant heat exchange — between individual surfaces.

As a result of turbulent mixing of non-isothermal jets of air with the air of the main volume of the
room, «jet» heat exchange occurs. The inner surfaces of external fences, mainly by heat conduction
through the thickness of the structures and heat exchange, transfer heat to the outside air. An important
component of the process that forms the thermal regime of a room is heat exchange on surfaces. The
heat balance of any surface in the room (in stationary and non-stationary conditions) is represented on

the basis of the law of conservation of energy by the equation [14]
Li+K:+T;=0,
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where L; — radiant, K; — convective and 7; — conductive (thermal conductivity) components of heat
transfer on the i- th surface. In the presence of additional sources or sinks of heat, the corresponding
components are added to the balance equation.

Radiant heat exchange in a room occurs under conditions of a limited range of temperature values,
certain radiation properties of surfaces, the geometry of their location, and other factors.

To construct a mathematical model of heat and mass transfer processes, a system of equations of

dynamics was considered in the form of a plane problem [15]:

o _ . %
ax n 0x0z 1
P _ 3% U

5 n 0yoz
with the boundary condition: U|g = 0; V| = 0 and the continuity equation applied to plane jets [16]:

0 o(p-U) d(-V) ad(p-W
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wherein R —pressure differential across the inner and outer surfaces of the enclosure; U, V, W—projections

@

of the velocity of the medium on the X, y, z axes; p is the air density; 7 is the time; M is the mass air flow
rate per unit of time per unit of volume occupied by the crack; # — dynamic viscosity of air.

To solve the resulting system, consisting of (1) and (2), we used the Runge — Kutta and Galerkin
methods [17].

For a mathematical model of the heat transfer process from the viewpoint of the effect of external
factors on the climatic room climate, it was derived dependence of the temperature field barriers, as
a function of I «free volume» — the integral value of the volume of space through which the outdoor
air into the room. In this case, the characteristics of an elementary cell (area of space) «free volume»
are designated by symbols 8x, dy, 6z. Then we used the differential equations of heat conduction and
heat transfer. At the same time, it was necessary to take into account that these physical processes are
carried out in air moving with a speed V. Therefore, the heat conduction equations were considered
not in their classical form [18], but taking into account the moving medium. To derive this equation, we
used the first law of thermodynamics and considered the case when the temperature 7 of the medium
is determined by the relation

cpdiT = d (). 3)
where ¢, is the heat capacity at constant pressure; P is the pressure; 7 is the temperature; p is the
density; ¢ is the density of internal energy.

Next, the temperature evolution equation was used, which was found from the internal energy

balance equation [19]

pdt% =T:V + (V, ﬁ) + ps, )

describing the rate of change of the internal energy of the body under the action of contact forces (T:V, V..
Taking a number of assumptions and approximations (no heat source inside the building), the final
expression for the heat conduction equation of the moving medium was obtained, to which the heat

transfer equation was added [20] and the system was considered:
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where ¢ is the air temperature of the free volume cell; 7 is the time; k — coefficient of thermal diffusivity
of air; — air flow speed, m/s.
The solution of system (5) based on the Fourier method gives the expression for the temperature 7-
2w T\ 2 _ kt
T(x,y,17) = —Z sin nr[— (fx,y) - (a) (t, — tﬂ)e( s
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where T'is the required temperature of the enclosure, #, is the temperature of the outside air; £, — internal

air temperature; o/ the diameter of an elementary spatial cell of free volume; erf (*) is the integral of
probabilities; £ (x, y) — temperature distribution in the fence at the initial moment of time.

As follows from the presented mathematical model of the interaction of the enclosing structures
with external factors, the model explicitly lacks terms that take into account convective and radiant
heat exchanges, as well as the influence of various jets. However, these characteristics are taken into
account indirectly by the function f'(x, y, 7) as an integral result of the formation of the temperature
field.

To identify the physical parameters of the enclosing structures responsible for the formation of
comfortable conditions of the internal environment, based on the numerical solution of the initial
system of equations of dynamics (1) and continuity (2) with respect to the initially sought value of
the mass air flow rate per unit of time per unit of free volume, one can go to the volumetric air flow
W [m 3/ s] entering the room per unit of time. This transition was carried out using the coefficient of
dynamic viscosity of air ) on the basis of the obtained semi-empirical dependence using the method
of dimensions [19, 20]:

|AP| - 623
e sx-oy D (7
where |AP|—module of the pressure gradient on the inner and outer surfaces of the fence; ¢ — empirical
coefficient; D is the coefficient depending on the size of the regular grid, at the nodes i, j of which the

solution of the system consisting of (1) and (2) is obtained:

(i+1) 1
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Taking the free volume of the unit cell ford x =0y =06 2z= 051/, (7) presented whether in the form of

|AP| - ol

= ©

— 595 —



Journal of Siberian Federal University. Engineering & Technologies 2021 14(5): 590-599

Determination of the dependence of the physical state

of the premises on external climatic factors

Thus, the parameter W [m 3/ s] — the change in air flow through the cell of free volume, determines
the dependence of the physical state of the room on external climatic factors. The values of this
parameter are a function of the unit cell size of the free volume (the degree of porosity of the material,
crevices, etc.) and the pressure drop on the inner and outer sides of the enclosing structure. Expression
(6) describes the change in the temperature field of the fence in time depending on the value of 3 / for a
given physical state of external factors. The dependence of these two parameters is obvious: the larger
the value of I, the lower the temperature gradient between indoor and outdoor air, all other factors
being equal.

In Fig. (a) the surface of the air flow rate through the cell of free volume per unit time is presented
as a function of the cell diameter and the modulus of the pressure gradient, calculated on the basis
of Shepard's interpolation method [17-20]. The same figure under the letters (b) and (c¢) shows the
dependence of this parameter on the pressure gradient at fixed values of the cell diameter and its

dependence on the cell diameter at fixed values of the pressure gradient, respectively.
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a) is the surface of the air flow rate through the cell of free volume per unit of time, as a function of the cell diameter and the
modulus of the pressure gradient; b) — dependence of the air flow rate through the cell of free volume on the pressure gradient
at a fixed value of the cell diameter; ¢) — dependence of the air flow rate through the cell of free volume on the diameter of the
cell at a fixed value of the pressure gradient

Fig. Dependencies of air flow through the free volume cell
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The analysis of the obtained dependencies showed the following. With a cell diameter within
Imm <d <2mm (for d < 1 mm, the cells belong to natural pores) and a pressure gradient between
the inner and outer sides of the enclosing structure is less than 34 Pa, the air flow through such a
cell is similar to its passage through the pores of the enclosure. Thus, these parameters, all other
factors being equal, determine the physical state of the environment in the room, providing normal
comfortable conditions. When the specified values are exceeded, the air consumption increases
sharply (exponentially — Fig., ¢), which in winter leads to a cooling of the room, and in summer — to

its heating.

Conclusion

The practical application of the ¥ parameter makes it possible to diagnose the quality of the
material used for fencing by tabulating (based on the coefficients of thermal conductivity and thermal
diffusivity) the time of complete transformation of temperature fields and further comparing this time
with the time of transformation of the temperature fields of real enclosing structures by measurements.
In other words, the stated theoretical approach is a scientific basis for the development of a methodology
for diagnosing the quality of the material of the enclosing structure and can be used to assess the
degree of deterioration of a building.

As a result of the research carried out, a mathematical model of the interaction of the building
envelope with external climatic factors was developed, taking into account the regularities of changes in
the characteristics of the outdoor climate, the specifics of the participation of the convective component
in the process of general heat exchange and the features of the process of thermal conductivity in a
moving medium, as a result of which it most fully reflects the specifics of the formation of the thermal
regime buildings in areas of dry hot climate.

As a criterion that determines the physical state of the external enclosing structure during its
interaction with the external environment, the theoretically established parameter W [m 3 / ] is
proposed — the change in air flow through the cell of free volume, the value of which is a function of
the size of the unit cell (degree of porosity of the material, defectiveness its structure) and the pressure
gradient on the inner and outer sides of the fence, which makes it possible to assess the degree of wear

in general using one parameter.
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