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Pobomy npucesneno po3podui inscenepnoi memo-
OuKu mennomexHiuHo20 PO3PAXYHKY 020P00XHCY-
B8ANLHUX KOHCMPYKUIL 3 Yymenaioeauem, 6 sKOMY
opezanizosani nosimpsami Kamepu 3 mennogioOUSHUM
noxpummsim.

Inscenepna memoouxa noasieac y 6usHaueHHi
npueedenozo onopy mennonepeoarti 020po0xNcyeaty-
HOI KOHCMPYKUii HA OCHOBI PO3PAXYHKY memnepa-
mypHozo noas 6 wiil. [lna 3naxooxncenns memnepa-
MYpPHO20 NONA PO32AA0AEMBCA 00HOGUMIpHA 3a0ana
mennonpogionocmi 6 Oazamowaposiii 020po0Hcy-
sanvniu xoncmpyxuyii. Tenaomexuiuni neoonopio-
HOCMI, AKT GUKIUKAHI HASIBHICNIO NOGIMPAHUX Kamep,
WO HePYIOMbCsL 3 NPOUAPKAMU MAmMePiaLy Ymenio-
eaua, epaxosani ¢ mamemamuunii Mooeni 3a paxy-
HOK epexmuenozo xoeiuicuma menaonposionocmi
6i0n06ion020 wapy. /anuii xoediuicnm epaxosye
KOHBEKMUBHY MA NPOMEHUCmY CK1a006i meJonepe-
daui uepes nogimpani kamepu. Ompumano eupas o
BU3HAMEHN 11020 3HAMEHHS, AKUN 3aTleHcumnb 610 3na-
UeHb memnepamypu Ha Cmukax 6i0noeionozo wapy 3
CYCIOHIMU wapamu 020p00HCYEANLHOT KOHCMPYKUiL.
3anpononosano imepauiiny npouedypy, wio 00360.11€
3 BUKOPUCMAHHAM 0AH020 6UPA3Y 3HAXOOUMU MmeMm-
nepamypme noie 6 020p00HCYBANLHIU KOHCMPYKUL,
wo posensidacmocs. Sk euxioni dani 6 uiti npouedypi
BUKOPUCMOBYIOMBCA 260 MemMPUUHi ma MennoQizuuni
Xapaxmepucmuxu eiemenmis 020p00xcy6anbHOi KOH-
cmpyKuii, a maKkojc memnepamypu noeimps ecepe-
Ouni i 306Hi npumimienns i Koeiyicumu menaosiodaui
Ha 610N06I0HUX NOBEPXHSX.

Inocenepna memoouxa eepupivosana wnsaxom
nopienuanna 3 pesyavmamamu mpueumiprnozo CFD-
MoOeno8anns, sKe 0emanvHO 6paAX08YE GLILHOKOH-
BEKMUSHUIL PYX 68 NOGIMPAHUX KAMEPAX | MENTOOOMIH
BGUNPOMIHIOBAHHAM MINC MEPMIMHO HEOOHOPIOHUMU
cminkamu nogimpsinoi xkamepu. Iloxazano, wo 3acmo-
cyeanns 00HOBUMIpHOT Mmamemamuunoi moodeni
3amicmv demanvioi mpueuMipHoi npuszeodumv 00
noepiwnocmeii, wo He nepesuuyroms 2,5 %.

B pesyavmami nopieHANbHO20 PO3PAXYHKOBO-
20 awanizy nokazamo egexmusHicmv 3acmocyeam-
Hsl 3anponoHo6an0zo Yymenar0eaua 3 NOGIMpPsHU-
MU Kamepamu 3 mennogioouGHuUM NOKpummsam 6
nopisHANHI 3 mpaduuitinumu nioxooamu 00 ymenieH-
HA 020p00icyeanvHux Koncmpyruii. Pospaxynxu
6uKoOHaHI 0151 GUNAOKY HAUOLILWL XONOOHOT N'amu-
denxu 6 ymosax xaimamuunoi 3onu Illumxenma
(Pecnybnixa Kazaxcman)

Kantouogi cnosa: ymenmoean 3 nosimpanumu
Kamepamu, mennogiobuene noxpumms, npueeoenui
onip mennonepedai 020p00HCYEANLHOT KOHCMPYKUTT

0 =,

Received date 20.11.2019
Accepted date 31.01.2020
Published date 28.02.2020

UDC 536.24:699.86
DOI: 10.15587,/1729-4061.2020.194330

DEVELOPMENT OF THE
ENGINEERING PROCEDURE
FOR THE THERMOTECHNICAL
CALCULATION OF A
BUILDING ENVELOPE WITH
AIR CHAMBERS AND A
HEAT-REFLECTING COATING

U. Suleimenov

Doctor of Technical Sciences,

Vice-Rector for Research and Innovation**
E-mail: ulanbator@inbox.ru

A. Kostikov

Doctor of Technical Sciences, Corresponding Member of
NAS of Ukraine, Deputy Director®***

E-mail: kostikov@ipmach.kharkov.ua

R. Ristavletov

PhD, Associate Professor®

E-mail: rar_1967@mail.ru

M. Kambarov

PhD, Associate Professor®

E-mail: medet_2030@mail.ru

R. Kudabayev

Doctoral Student*

E-mail: kudabaev_81@mail.ru

A. Vorontsova

Head of Sector

Sector of Intellectual Property Protection***
E-mail: vorontsova@ipmach.kharkov.ua
*Department of Technology of

Building Materials, Products and Designs**
**M. Auezov South Kazakhstan State University

Tauke Khan ave., 5, Shymkent, Republic of Kazakhstan, 160012

*** A, Podgorny Institute of
Mechanical Engineering Problems of the NAS of Ukraine
Pozharskoho str., 2 /10, Ukraine, Kharkiv, 61046

Copyright © 2020, U. Suleimenov, A. Kostikoo,
R. Ristavletov, M. Kambarov, R. Kudabayev, A. Vorontsova

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by,/4.0)

1. Introduction

Soviet period in the presence of bargain prices for energy

The ever-growing prices of fossil hydrocarbon fuels
and the possibility of their exhaustion in the near future
make reasonable development of energy-saving technol-
ogies and sustainable energy. For post-Soviet countries,
this problem is especially acute in the housing and com-
munal sector. Most buildings designed and erected in the

carriers have turned out to be ineffective in the market
economy realities from the point of view of energy con-
servation. Current regulatory documents impose tighter
requirements on the thermal insulation characteristics
of a building envelope. This must be taken into account
when designing new and thermally modernizing existing
buildings. In this regard, finding new highly effective ap-



proaches to reduce heat losses through building envelope
is an urgent problem.

2. Literature review and problem statement

Numerous studies have been devoted to the problem of
energy conservation in building engineering. For example,
energy-saving issues of heating the buildings are discussed
in [1-9]. One of the main ways to reduce heat losses in
heating the buildings implies raising RSI-value of building
envelope. Currently, the use of multilayer building envelope
in which, along with the load-bearing layers, insulation lay-
ers are present is considered as the simplest approach to heat
loss reduction.

For example, the energy efficiency of houses in the condi-
tions of the Canadian climate is studied in [1]. High rates of
RSI-value of building envelope in these houses are achieved
through the use of multilayer structures with air chambers.
However, the use of polyethylene in such structures can
result in a violation of air exchange and condensate for-
mation. The feasibility of applying heat-reflecting coatings
was considered in [2]. At the same time, it is noted that the
effectiveness of such coatings largely depends on climatic
conditions. The lack of effective methods for calculating such
structures is also pointed out. Authors of [3] have performed
calculations to compare multilayer building envelope in dif-
ferent climatic conditions. However, the software package
they used is a commercial product.

Issues of net zero and near net zero energy consumption
houses are addressed in [4]. At the same time, the results of
this study are largely based on experimental data but not on
a detailed calculation of thermal-insulating structures tak-
ing into account all thermotechnical heterogeneities.

The author of [5] paid attention to finding ways to the re-
duction of heat losses in buildings taking into consideration
various climatic zones of Turkey. However, he focused just
on determining the optimal thickness of thermal insulation
without analyzing the possible thermotechnical heterogene-
ities in it and their effect on heat loss. At the same time, as
indicated in [6], the use of conventional thermal-insulating
materials, especially in a sharply continental climate, often
results in significant growth of the building envelope prime
cost. In other words, the increased capital expenditure of
thermal insulation do not pay off in accepTable terms by
reducing energy consumption.

Results of a detailed three-dimensional simulation of
heat and vapor transport in a building envelope in a zone of
its thermal inhomogeneities caused by thermal bridges are
presented by authors of [7]. However, their model was based
on the use of two non-stationary convection-diffusion equa-
tions: for heat and vapor. As a result, the calculation becomes
impossible for air interlayers of building envelope where
there is air motion. The authors of [8] use the finite volume
method to calculate the thermal state of not just the building
envelope but the entire building as well. To estimate heat
flux through a multilayer building envelope, authors of [9]
solved the non-stationary heat conduction problem taking
into account diurnal variations of outdoor temperature
and insolation. The results were validated by comparison
with infrared thermography data on the outer surface of
the building envelope. At the same time, it should be noted
that in [7-9], like in other studies using three-dimensional
and /or non-stationary modeling, a rather complicated math-

ematical apparatus is used. This imposes very high qualifica-
tion requirements on the end-user in the field of constructing
models of thermophysical processes, applying numerical
methods to solve them, creating, and verifying software
and analyzing the results. Therefore, it is desirable for an
ordinary designer of building envelope to have a simplified
engineering procedure.

In the vast majority of cases, the low thermal conductiv-
ity of building materials, both those that used in load-bear-
ing layers and those that form thermal-insulating layers
is determined by the presence of air-filled micro spaces in
their structure. The usage of air interlayers allows to reduce
material consumption and, consequently, the cost of thermal
insulation without prejudice to the insulating properties.
The main problem in the design of thermal insulation, in this
case, consists in minimizing the amount of heat transferred
through the air interlayer. As is known [10], all three mecha-
nisms, that is the conduction, convection, and radiation, take
place during heat transfer through the air interlayer. The
main way to reduce the convective component implies choos-
ing the thickness of the air interlayer such as to minimize or
eliminate free convective flow in it caused by the tempera-
ture difference on its opposite walls. As is known [10], there
is no free convective flow in vertical flat air interlayers if the
Rayleigh number does not exceed 10, To reduce the radiant
component of heat transfer through the air interlayer, it is
recommended either to apply heat-reflecting coatings to its
walls (aluminum foil is the most common variant in con-
struction) or use a shielding system. In studies on construc-
tion heat engineering, for example, in [11], the inefficiency of
using air layers more than 5 cm thick was substantiated and
it was also noted that the use of a continuously ventilated air
interlayer leads to significant heat loss because of formation
of a developed free-convection flow in it. This can be avoided
by dividing the air interlayer into separate air chambers.

It should be noted that quite a lot of new thermal-in-
sulating materials have appeared recently in the market
including those with air interlayers and heat-reflecting coat-
ings. However, their manufacturers either do not provide
concrete numerical characteristics reflecting the thermal-in-
sulating properties of such materials or this information is
overestimated.

The regulatory documents currently in force in con-
struction practice provide recommendations regarding the
calculation of average RSI-value of a building envelope. For
the simplest case of building envelope in the form of a multi-
layer wall with homogeneous layers, the following formula of
sequential thermal resistances is used:

int i=1 TV ext

where R is the average RSI-value of the multilayer building
envelope, °Cxm?2/W; o, is the heat transfer coefficient on
the inner surface of the building envelope, W/(m?°C); §; is
the thickness of the i-th layer, m; A; is the coefficient of
thermal conductivity of the material’s i-th layer, W/(m-°C);
Oy 18 the coefficient of heat transfer on the outer surface of
the building envelope.

In many cases, formula (1) is inapplicable because of
thermotechnical heterogeneities (a discontinuous air inter-
layer) or for other reasons (e. g., the problem non-linearity).
Then, the same regulatory documents recommend to cal-
culate the temperature field in a selected building envelope



fragment with subsequent calculation of average RSI-value
using the following formula:

R:(Tinthext)A/Qv (2)

where Tj, is the rated indoor temperature, °C; T, is the
rated temperature, °C; A is the surface area of the considered
fragment of building envelope, m?; Q is the total heat flux
passing through the fragment under consideration, W.

It should be noted that the calculation of the tempera-
ture field in a building envelope with air interlayers is
connected with the solution to a nonlinear thermal conduc-
tivity problem. In the case of thermal heterogeneity or the
presence of convective flow in air interlayers, this problem
is two-dimensional or three-dimensional. The solution to
such problems requires a sufficiently high qualification in
the application of numerical methods of integrating partial
differential equations or the use of commercial software
for solving problems of hydrodynamics and heat and mass
transfer. In addition, the process of solving such problems
may require quite a lot of labor and/or usage of expensive
commercial software products. At the same time, design
organizations demand fairly simple calculation procedures
which can give results in a fairly short time including the
case of multivariate calculations.

Thus, we can conclude that the creation of highly effec-
tive thermal insulation materials for building envelope based
on air interlayers with heat-reflecting coatings is still in
demand in the construction market. So, the developer must
have an engineering procedure for thermal engineering cal-
culations. On the one hand, this procedure should be quite
simple so that it can be used by employers who have no high
scientific qualifications. On the other hand, it should not
lead to significant errors because of simplifications intro-
duced into the mathematical model.

3. The aim and objectives of the study

The study objective was to develop an engineering
procedure of the thermotechnical calculation of a building
envelope with insulation containing air chambers with a
heat-reflecting coating and calculation substantiation of its
effectiveness.

To achieve the objective, the following tasks were set:

— to form a mathematical model of thermophysical pro-
cesses taking place in a multilayer building envelope in
which heat insulation of the structure in question is used,;

— to develop an engineering procedure of calculation of
temperature fields in similar building envelope designs and
their RSI-value based on the application of a one-dimension-
al heat conduction problem;

—to carry out comparative calculations of a building
envelope with the considered insulation and a conventional
building envelopes.

4. Mathematical model of a multilayer building envelope
with air chambers and a heat-reflecting coating

Researchers from the South Kazakhstan State Uni-
versity named after M. Auezov have proposed principles
of creating highly efficient insulation from extruded poly-
styrene foam (XPS) plates with air chambers and heat-re-

flecting coatings. Air chambers are formed in a XPS plate
as parallelepiped-shaped recesses with a vertical size cor-
responding to the size of the XPS plate. The width and
depth of all recesses are the same. Recesses are separated
from each other by intervals of XPS of the same width. A
heat-reflecting coating of aluminum foil is applied to one of
the three recess surfaces parallel to the plate surface. When
such a plate is mounted in a multilayer building envelope,
the recesses are closed on their fourth side by the surface
of the adjacent building envelope layer. As a result, the par-
allelepiped-shaped air chambers are formed with a vertical
dimension far exceeding width and depth, &; (Fig.1). If
necessary, a heat-reflecting coating can also be applied to
the surface of the adjacent layer of the building envelope that
closes recesses in the XPS plate and both opposite walls of
the air chamber become heat shielded. Production of plates
with such recesses and a heat-reflecting coating applied is
quite easy to organize in conditions of an existing enterprise
manufacturing heat-insulating materials from XPS.
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Fig. 1. Schematic view of a multi-layer building envelope with
highly efficient insulation: 1 — internal finishing layer;
2 — load-bearing layer; 3 — solid cross-section of XPS;

4 — air chambers in XPS; 5 — external finishing layer

The engineering procedure of thermophysical calcu-
lation shall be created in a way based on the solution to a
one-dimensional heat conduction problem in the building
envelope using effective thermal conductivity taking into
account the convective component of heat transfer in air
chambers neglecting thermal heterogeneity caused by alter-
nating air chambers and XPS dividers between them.

Let us enumerate the layers sequentially from the inner-
most to the outermost side starting from 1. In the mathemat-
ical model, the insulation layer of XPS in which rectangular
air chambers are formed is divided into two layers. The first
is the layer of solid XPS in which there are no air chambers,
the second is the layer in which the air chambers alternating
with dividers of XPS extend through its entire thickness.

The mathematical model of thermophysical processes for
the multilayer building envelope under consideration will be
constructed based on the following assumptions.

Assume that there is an ideal thermal contact between
the layers. Neglect thickness of the heat-reflecting coating
and consider the coating itself as a gray body [10] with a
given emissivity.

The linear dimension of the air chambers in the vertical
direction far exceeds linear dimensions in the other two
directions and the width of the XPS dividers between the
air chambers. In other words, assume that the thermal in-



sulation layer is thermally uniform in the vertical direction.
Assume the remaining layers of the building envelope ther-
mally uniform in all directions.

According to [10], the mathematical model of convec-
tive heat transfer in air chambers containing the Navi-
er-Stokes motion equations will not be considered in detail.
Describe these interlayers as a homogeneous isotropic body
with effective thermal conductivity taking into account
both conductive and convective components of heat trans-
fer through this interlayer. The heat flux due to radiant
heat exchange between the walls of the air chamber parallel
to the outer and inner surfaces of the building envelope will
be represented as a conductive heat flux due to the intro-
duction of effective thermal conductivity. In this case, the
chamber is considered as a homogeneous isotropic body.
Re-reflection on the two remaining walls of the air cham-
ber will be neglected.

We will also neglect the non-uniformity of the tem-
perature field in the horizontal direction along the building
envelope caused by the thermal heterogeneity in a form of
alternating air chambers and XPS dividers between them.
Under the last assumption, a layer consisting of alternating
air chambers and XPS dividers will be considered as a homo-
geneous isotropic body with effective thermal conductivity.
This effective thermal conductivity will take into account
all three mechanisms of heat transfer (conduction through
XPS and conduction, convection and radiation through the
air chamber).

The described assumptions enable consideration of the
problem of heat transfer through any of the studied building
envelope in a one-dimensional stationary statement.

To determine the effective thermal conductivity of the
layer with air chambers, choose a building envelope fragment
that has a linear dimension % corresponding to the repeating
geometry of thermal heterogeneity in the horizontal direc-
tion along the building envelope. In other words, one air
chamber with an adjacent XPS divider between the cham-
bers will be considered in this direction. Thus,

h=hair+hxps, 3)

where h,;, is the width of the air chamber; Ayps is the width
of the XPS ivider between adjacent air chambers.

Let us orient the spatial axis x in a direction from the
room to the outside placing the reference point on the inner
building envelope surface. Then, introducing notation §; for
the thickness of the i-th building envelope layer, the follow-
ing expressions can be written:

k n
x0=0, x,=3.8,, x,=2.3, (4)
i=1 i=1

where xq is the coordinate of the inner building envelope
surface; x; is the coordinate of the junction of layers with
numbers % and k+1; x,, is the coordinate of the outer building
envelope surface; 7 is the number of layers.

Write the one-dimensional linear stationary heat con-
duction equation for each layer

o°’T

A, —
kax2

=0, x, ,<x<x,, k=1...n, )

where ) is the thermal conductivity (material one for the
layers without air interlayers or effective one for the layers

with air interlayers); T=T(x) is the spatial change in the
building envelope temperature.

At the layer junctions, relations describing equality of
temperature and heat flow are fulfilled due to ideal thermal
contact:

|x:xk—0 = x=x,+0’ k = 1’. ~n= 1, (6)
WEN BT YCI L ISR R ) (7
ax x=x,-0 ax x=1;,+0

Convective heat exchange of the building envelope with
the surrounding air is described by the following boundary
conditions:

2,

1 o =0, (T|x=0 _Tim)7 (8)

x=0

on the inner surface of the building envelope and

oT
wa

—o (T|x=xn—T ) )

X=Xy,

on the outer surface of the building envelope.

To simplify further entries, introduce the following nota-
tion for temperatures of the layer junctions and the outer and
inner surfaces of the building envelope: T,=T(x3); k=0, 1,..., n.

Find an expression for effective thermal conductivity
Aesri of the layer consisting of alternating air chambers and
XPS dividers.

Since the air chamber is considered as a homogeneous
isotropic body included in the layer &, then according to the
Fourier law, the heat flux passing through it will take the
following form:

oT
Quir = _7"eff.air.k g’ (10)
where Agsrairk is the effective thermal conductivity of the air
chamber.

Due to the one-dimensional nature of the problem and the
absence of internal heat sources, partial temperature deriva-
tive with respect to the spatial coordinate in expression (10)
can be precisely written in the form of a finite difference:

g=— Tk_Tk-1_ Tk—1_Tk
- eff.air.k = eff.air k .
6k 8k

an

On the other hand, when considering the air chamber,
the heat flux can be represented as a sum of two components:
conductive-convective and radiant ones:

Qair=qctqn (12)
where ¢, is the conductive-convective component of the heat
flow; g, is the radiant component of the heat flux.

According to [10], conductive-convective heat transfer
in vertical air interlayers between flat walls during natural
convection can be adequately described by mathematical
models for fixed layers using the concept of effective thermal
conductivity coefficient A, defined as follows:

Ae=Dgir at Ra<10%,



Ae=huirx0,062xRal/3 at 104<Ra<10",
Ae=Aaix0,22xRal/* at 107<Ra<10'?, 13)

where A, is the air thermal conductivity;

g8°BAT
A%

Ra=

Pr,

where Ra is the Rayleigh number; g is the acceleration of
gravity; & is the thickness of the air interlayer which in the
case under consideration is equal to the layer thickness &;
B is the thermal expansion coefficient which for air under
normal conditions can be taken equal to 1/273 °C; AT is the
difference of temperatures on opposite walls of the air inter-
layer (AT=T}_1—T} in the case under consideration,); v is the
kinematic viscosity of air at averaged values of temperature
and pressure in the air interlayer; Pr is the Prandt] number.

When using expressions (13), the values of A;;, v, and Pr
are taken at averaged values of pressure and air temperature
in the air chamber. Pressure can be taken equal to 1 bar and
the arithmetic mean of temperature values on the air cham-
ber walls can be considered as a determining temperature
(Th-1+Tr)/2.

Thus,

5 9T
“ox’

q.= (14)

According to [10], the radiant component of heat flux
can be found from expression
q, = €0, (Tk: _T; )v 15)
where 69=5.67x10"8 W/(m2xK*) is the Stefan-Boltzmann
constant; € is the reduced emissivity which in the case of

two parallel plane walls of great length can be calculated
from expression:

==
€ &, €&

where €, 1 and g, are the emissivities of the walls (in this
case, solid surfaces at the corresponding junctions of the
building envelope layers); temperatures T,y and T} are taken
in Kelvin.

Substituting (11), (14) and (15) into (12) and using a
finite-difference representation of partial temperature deriv-
ative for (14) the same as in (11), the following is obtained:

T . -T T . -T
RER (L T, (16)
A 3
from where
8,80, Tle4—1_Tk4
}\'eff.airik = +¥' (17)

T/H _Tk

Value of the effective thermal conductivity, A.zzs. for the
entire layer consisting of alternating air chambers and XPS
dividers will be found by considering the total heat flux
passing through the selected fragment of the layer under
consideration of arbitrary height L and width described by
formula (3). It can be represented as a sum of two fluxes:

Q=0 +Qxps,

where Qg;, is the total heat flux through the air chamber
in the selected layer fragment; Qxps is the total heat flux
through the XPS divider between adjacent air chambers.

The heat flow passing through the air chamber can be
represented as

(18)

Qair:qairxhairXL, (19)
where g, is determined from (11).

The total heat flux passing through the XPS divider can
be written as

Qxps=qxpsxhxpsxL, (20)
where
oT
Gxps =M xps 877
X

where gxps is the heat flux passing through the XPS divider;
Axps is the thermal conductivity of XPS.

As in (11), represent gxps in the form of a finite dif-
ference:

T, ,-T,
Gxps = xps 5 18 L
k

ey

Substitute (21) in (20), (11) in (19) and the obtained
expressions in (18) to have the following:

TIH _Tk

T,..-T,
=\ ) kA k
Q eff.air .k 6k

'hxps L. (22)

: hair L+ kxps

k

On the other hand, if we consider the heat transfer
through a homogeneous isotropic layer with effective heat
conductivity Aess, the total heat flux through it can be
written as follows, taking into account the finite-difference
representation of the partial temperature derivative with
respect to the spatial coordinate,

Q:_xe//_kal'h'L:X Tk—1_Tk (23)

-h-L.
ox aES,

Comparing (22) and (23) considering (3), the following
is obtained:

T, -T,

Xeff.k & 16 b '(hair +hXPS)'L:

k

T, -T, T, -T,
= Noffairk }HS k'hair'L"')“XPs HS k'hxp L, (24)

k k
from where
Nogrosn P+ Nsps B

kg[/.k _ eff.air.k "“air XPS XPS’ (25)

hair + hXPS

where Agfrqire is calculated according to (17) taking into
account (13).

These mathematical models make it possible to find tem-
perature distribution over the building envelope thickness
T=T(x), 0<x<x,,.



5. Engineering procedure of calculating temperature
fields in the building envelope

Since the problem is considered in a stationary state-
ment, then, due to the absence of internal sources or sinks of
heat in a multilayer building envelope, the heat flux passing
through it does not depend on the spatial coordinate. There-
fore, knowing the RSI-value, the heat flux g passing through
the building envelope can be determined either directly from
the definition of RSI-value:

-T
— _int ext 26
q R (26)
or according to the Fourier law:
q= —ha—T. 27)
ox

By substituting expression (26) into the right-hand side
of (8) considering (27), the following is obtained:

T, t _Ter
— R = a’int (TL:() - int)' (28)
Similarly, (9) gives
T, - T»x[
e, (71, ~T..) (29)
The following expression is obtained from (28):
L =T,
T, =T0=Tm—ﬁ, (30)
which gives the following, considering (26):
To=Tini=q/Otins- 3D

From the definition of thermal resistance R;, for the A-th
layer,

T=Tp 1—qXxRy, (32)
where Ry is calculated as
)
R =—t. 33
Y (33)

For a layer consisting of alternating air chambers and
XPS dividers, the effective thermal conductivity Az
determined according to (25) should be used in (33). The
values in the right side of expression (25) depend on the
Rayleigh number and the radiant component of the heat
flux. In turn, these two values are determined by the tem-
perature difference on the air chamber walls (in the first
or fourth degree, respectively). Since values of these tem-
peratures are also sought quantities of the problem, direct
application of formula (25) to calculate the final value of
the effective thermal conductivity of the layer is impossible.
To solve this problem, an approach shall be used that will
make it possible to refine the mentioned temperatures and
effective thermal conductivity of the layer in the process of
iterations.

At the beginning of each current iteration, the current val-
ue of thermal resistance of a layer consisting of alternating air
chambers and XPS dividers is determined from formula (33).
In this case, current value of effective thermal conductivity
of this layer is used as A. To find it, calculations shall be con-
ducted proceeding from the temperature values Ty and T
which were found at the previous iteration. For the first itera-
tion, the value of thermal conductivity of XPS can be used as
an initial approximation for Az. As a result of such an approach,
the current value of total RSI-value R of the entire building
envelope can be determined according to (1). Knowing it, the
current value of heat flux g passing through the building en-
velope is determined from formula (26) and then the current
temperatures on the building envelope surfaces and at layer
junctions are found according to (31) and (32).

After that, the condition for stopping iterations is checked
and, if necessary, the transition to the next iteration is per-
formed. Iterations stop when discrepancies between tempera-
ture values in characteristic points at previous and current
iterations become less than the predetermined error. Inner
and outer surfaces of the building envelope and all layer junc-
tions can be used as such characteristic points. However, one
can take into account the fact that nonlinearity which has the
main influence on the convergence rate of the iterative process
is inherent only in a layer consisting of an air interlayer or
containing air chambers. Therefore, the number of checked
conditions for stopping iterations can be reduced by confining
oneself to only two points corresponding to the boundaries of
the layer where this nonlinearity is present.

Thus, the above-described procedure allows us to deter-
mine the temperature on the building envelope surfaces and
at junctions of its layers, the heat flux through the building
envelope and its total RSI-value. After finding these values,
one can find temperature distribution at any point in the
building envelope using linear interpolation, if necessary.

Note that the proposed engineering procedure can be
used to solve problems of thermotechnical analysis and de-
sign of building envelope with other insulating materials or
in which air chambers are formed in the load-bearing layer.

6. Discussion of the results: verification of the procedure
and comparative thermotechnical calculations of various
building envelope designs

In order to substantiate the effectiveness of a proposed
thermal insulation material with air chambers and heat-re-
flecting coatings, a comparison with conventional building
envelope designs (Fig. 2) was made. Five building envelope
schemes were considered. Scheme 1 is a three-layer building
envelope with homogeneous load-bearing and outer and in-
ner finishing layers without thermal insulation (Fig. 2, a). A
solid layer of XPS insulation is added between the bearing
and the outer finishing layers (Fig. 2, ) in Scheme 2. In
contrast to Scheme 2, a continuous closed air interlayer was
considered for thermal insulation (Fig. 2, ¢). A layer of the
proposed thermal insulation with air chambers and heat-re-
flecting coatings was used between the bearing and the out-
er finishing layers in Scheme 4. The air chambers were closer
to the outer finishing layer (Fig. 1). Scheme 5 differed from
Scheme 4 in that the insulation layer was turned so that the
air chambers were adjacent to the bearing layer.

The geometric and thermophysical characteristics of
these layers are given in Table 1.



a

Fig. 2. Conventional building envelope designs: @ — Scheme 1; b — Scheme 2; ¢ — Scheme 3;
1 — inner finishing layer; 2 — load-bearing layer; 3 — XPS; 4 — air interlayer; 5 — outer finishing layer

Table 1
Characteristics of the building envelope layers
Thermal conduc- Emissivity
Description Thickness, cm Width, cm tivity, with no heat- with heat reflect-
W/(mxK) reflecting coating ing coating*
Inner finishing layer: cement-sand plaster 1 0.76 - -
Bearing layer: ceramic brickwork 38 0.58 0.93 0.03
Thermal insulation: solid XPS 5 0.03
Thermal ir}sglation: 5 0.03 B B
continuous air interlayer
Solid XPS 3.5 0.03 0.9 0.03
Proposed thermal Alternating bands of
insulati ernating bands o B B B
insulation XPS and air 1.5 1/5
Cement-sand plaster 0.5 0.76 0.91 0.03

Note: " — aluminum foil

Calculations for Schemes 3—5 were performed for differ-
ent variants of applying a heat-reflecting coating: without
coating, a coating applied to one wall of the air chamber,
a coating applied to two opposite walls of the air chamber.

Before comparative calculations, the proposed engineer-
ing procedure and the created software that implements it
were verified by comparing the calculated data obtained for
Scheme 4 with the results of CFD simulation. In the latter
case, the constructed three-dimensional computer model
took into detailed account the free-convective motion of
air in air chambers by using the Reynolds average Navier—
Stokes equations with the Boussinesq approximation. The
three-dimensional CFD model also included radiant heat
transfer between all four walls of the air chamber taking
into account spatial temperature changes on each wall. The
results of this comparison showed that the temperature vari-
ations obtained during three-dimensional CFD simulation
within each joint of the layers arising because of thermal
heterogeneity did not exceed 1 °C. Moreover, the difference
in the mean temperature values at each joint of the layers re-
sulting from CFD simulation and the proposed engineering
procedure did not exceed 0.8 °C. In this case, the difference
in the calculated values of the average RSI-value did not ex-
ceed 2.5 %. Thus, we can conclude that the proposed calcula-
tion procedure based on the solution to the one-dimensional
heat conduction problem for building envelope does not give
significant errors in comparison with detailed three-dimen-
sional CFD simulation. As a result, this engineering proce-
dure can be used for engineering calculations in designing
thermal insulation systems of the proposed type.

Using this engineering procedure, the above five building
envelope designs were compared. In this case, the conditions
of the steady-state temperature regime were considered.
The values obtained on the inner and outer surfaces of the
building envelope were selected as initial data in accordance
with the State Standards in the field of architecture, urban
planning and construction being in force in the Republic of
Kazakhstan:

— indoor air temperature: 20 °C;

—outdoor temperature: —15 °C (which corresponds to
the coldest five-day period with confidence levels of 0.92 in
the climatic zone of Shymkent);

— heat transfer coefficients on the inner and outer build-
ing envelope surfaces: 8.7 and 23 W/(m?~C).

Table 2 gives the calculation results.

As can be seen from the calculation results, the building
envelope made of a high-performance thermal insulation
material (XPS) in which air chambers are arranged (Sche-
mes 4, 5) ensures a significant heat loss reduction com-
pared to Schemes 1, 3. Compared to the building envelope
in which solid (XPS) plates are used for thermal insula-
tion (Scheme 2), XPS insulation with air chambers reduces
heat loss only if a heat-reflecting coating is applied to the
walls of the air chambers. In this case, the total RSI-val-
ue of the building envelope grew by 2.8 % compared to
Scheme 2. Additional computational studies have shown
that in the case of using two XPS layers with air chambers,
the total RSI-value of the building envelope is increased by
more than 6 % compared to the variant of thermal insula-
tion with solid XPS plates of a similar thickness.



Note that the application of a second heat-reflecting
coating did not give a significant gain in reducing heat loss-
es compared to a single-sided coating (the total RSI-value
increased by only 0.4 %). Obviously, this is because the
calculations considered a coating variant with a rather low
emissivity (0.03). In real designs, an emissivity may be
greater than this ideal value. Therefore, in the future, it is
necessary to carry out additional studies on the influence of
the emissivity of the coating on thermal-insulating proper-
ties of the corresponding building envelope layer. Based on
these studies, a conclusion can be drawn on the advisability
of applying a second heat-reflecting coating on the opposite
walls of the air chamber.

In the case of Schemes 4 and 5, the temperature difference
between of indoor air and the inner surface of the building en-
velope was 1.8 °C for the insulation variant without a heat-re-
flecting coating and 1.6 °C for the variant with this coating.
These values did not exceed the standardized value of this
parameter (4.0 °C for external walls of residential buildings,
medical treatment, and children’s institutions) specified in
State Standards of the Republic of Kazakhstan in the field of
architecture, urban planning, and construction.

Analysis of the study results shows that applying a
heat-reflecting coating to the air chamber walls leads to
an increase in the Rayleigh number in it. For example, in
the case of Scheme 4, applying a heat-insulating coating to
one side of the air chamber at the considered structural and
operating parameters results in an increase in the Rayleigh
number by 115 % (from 1,615 to 3,475). In the case of ap-
plying a heat-insulating coating to two opposite walls of the
air chamber, the corresponding figure is 120 % (from 1,615
to 3,553). Obviously, this is due to an increase in tempera-
ture difference on the walls. This fact must be taken into ac-
count so that when designing effective thermal isolation mate-
rials with heat-reflecting coatings, their applying to the walls
of air cavities will not result in exceeding critical Rayleigh
number value of 10%. At high Rayleigh numbers, in addition
to the radiant-conductive heat transfer, heat transfer effects
caused by free-convection air movement begin to appear.

The temperature values given in Table 2 confirm the
physically explainable fact of an increase in thermal resis-
tance of the thermal insulating layer as a result of applying

a heat-reflecting coating. This concerns namely the tem-
perature in the building envelope layers between the air
chamber and the indoor space in the case of the application
of a heat-reflecting coating to walls of air chambers is higher
than in the case without the heat-reflecting coating. For
the building envelope layers facing from the air chambers to
the outside, an opposite feature was observed: applying of a
heat-reflecting coating reduced layer temperature.

It should also be noted that in contrast to Scheme 4,
Scheme 5 is characterized by positive air temperatures in air
chambers. However, air chambers in Scheme 5 are closer to
the inner building envelope surface which results in that the
relative air humidity there may be higher than in air cham-
bers of the building envelope made according to Scheme 4.
Therefore, the issue of comparing building envelope designs
according to Schemes 4 and 5 in terms of calculating the dew
point and identifying possible condensation zones requires
further elaboration.

7. Conclusions

1. A mathematical model of thermophysical processes tak-
ing place in a multilayer building envelope in which insulation
is provided through the use of XPS plates having air chambers
with reflecting coating applied to their walls. To construct a
mathematical model in a one-dimensional statement, an ap-
proach was used in which thermal heterogeneity caused by
alternating air chambers and dividers of XPS was described
by the effective thermal conductivity of corresponding layers
of the multilayer building envelope. The expression for de-
pendence of the effective thermal conductivity on the ratio
of temperature values on the air chamber walls was obtained.

2. The engineering procedure has been developed for
calculating temperature fields in similar building envelope
designs and their total RSI-value. This procedure is based
on an iterative recalculation of the effective thermal conduc-
tivity for a thermal insulating layer with air chambers. The
proposed procedure can also be used to solve the problems
of thermotechnical analysis and develop building envelope
designs with other insulating materials or with air chambers
formed in a load-bearing layer.

Table 2
Values of thermophysical parameters of building envelope
Parameter Scheme 1 | Scheme 2 < Schen*leS S " Schen:e4 " - Schen:eS P
Vo Vi V2 VO V1 V2 Vo V1 V2
Total RSI-value R, (°Cxm2)/W |  0.67 2.50 1.04 1.34 136 | 223 | 256 | 257 | 220 | 2.55 | 2.56
Heat flux ¢, W/m? 42.00 14.00 3369 | 2607 | 2580 | 1573 | 13.68 | 13.60 | 1593 | 13.75 | 13.65
Effective thermal resistance of
thermal insulation - - 0.21 0.51 0.52 139 | 173 | 174 | 1.36 | 1.71 | 1.73
layer R3+ Ry, (°Cxm?)/W
Rayleigh number - - 1.17x105 | 2.24x10% | 2.27x10% | 1615 | 3475 | 3553 | 1322 | 3179 | 3264
Temperature of the inner 15.17 18.39 16.13 | 17.00 | 17.03 | 18.19 | 18.43 | 18.44 | 18.17 | 18.42 | 18.43
surface, °C
T, °C 14.62 18.21 15.68 16.66 16.69 | 17.99 | 18.25 | 18.26 | 17.96 | 18.24 | 18.25
tieelet’e];;e . T, °C -12.90 9.03 -6,39 —0.42 —031 | 768 | 928 | 935 | 752 | 923 | 9.31
junction T3, °C - -1430 | 1331 | 1369 | -13.71 |-10.66| -6.68 | -6.51 | 4.38 | 1.73 | 1.61
T, °C - - - - — |-14.21]-14.32|-14.32|-14.20 | -14.31|-14.32
Temperature of the outer 1347 | 1439 | 1354 | 1387 | 1388 |-14.32| 14.41| 14.41|-14.31|-14.40|-14.41
surface, °C

Notes: * — the calculation variant depending on presence/absence of a heat-reflecting coating: VO — no heat-reflecting coating; V1 — a heat-
reflecting coating applied to one wall of the air chamber; V2 — a heat-reflecting coating applied to two opposite walls of the air chamber



3. The developed engineering procedure was verified
by comparing the calculation results with the results
obtained in three-dimensional CFD simulation of heat
transfer through the corresponding building envelope. In
the latter case, free-convective air movement in the air
chambers and radiation heat exchange between thermally
heterogeneous walls of the air chamber were taken into
account in detail. Verification results showed that the
application of the proposed engineering procedure based
on the solution to the one-dimensional heat conduction
problem does not lead to significant errors in determining

the total RSI-value of the building envelope. Deviation
from the total RSI-value obtained by calculating tempera-
ture fields using three-dimensional CFD simulation did
not exceed 2.5 %. Comparative calculations showed that
the presence of air chambers with heat-reflecting coat-
ings in a 5 cm thick XPS plate reduced heat loss by 2.8 %
compared to the XPS insulation without air chambers.
When applying thermal insulation with air chambers in
two layers, energy savings increased up to 6 % compared
to the variant of thermal insulation with solid XPS plates
of a similar thickness.
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