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RESUMO

Foi realizado um sobre a natureza do movimento da massa de ar no espago entre o dispositivo que
aquece a sala e a parede externa confinante da sala. O movimento hidrodinamico da massa de ar foi simulado
com base nas equacdes de Navier-Stokes bidimensionais no espago e na equagao convectiva de condugéo de
calor para encontrar uma imagem detalhada dos processos fisicos que ocorrem. Também para alguns casos
particulares, solu¢des analiticas foram obtidas para o problema do conjugado, onde o movimento do ar é
causado por sua expansao térmica e a acdo da gravidade em areas com diferentes densidades (forcas de
Arquimedes). A simulacao de tipos mais complexos de movimento de ar com a formacao de fluxos de vértices
usando métodos numéricos e os codigos de programa correspondentes escritos em C++. Descobriu-se que o
movimento da massa de ar no espaco entre o dispositivo e a parede depende fortemente ndo apenas da
temperatura do dispositivo, da parede e do ar externo. Foi revelado que a hidrodindmica e a transferéncia de
calor sao significativamente influenciadas por dois parametros geométricos: a distancia entre o dispositivo e a
parede, e a distancia do piso ao fundo do dispositivo. Em particular, uma camada fina do fluxo descendente de
ar frio ao longo da cerca e acima do chéo é possivel. A condicdo para a ocorréncia de tal fluxo descendente foi
encontrada, é determinada pela razao entre a temperatura da parede, o dispositivo e a temperatura média na
sala.

Palavras-chave: massa de ar, processo fisico, modelagem, condutividade térmica, pardmetro geométrico.
ABSTRACT

A study was made of the nature of the movement of air mass in the space between the device that warms
the room and the confining outer wall of the room. The hydrodynamic motion of the air mass was simulated on
the basis of the two-dimensional in space Navier-Stokes equations and the convective heat conduction equation
to find out a detailed picture of the physical processes that occur. Also for some particular cases, analytical
solutions were obtained for the conjugate problem, where the movement of air is caused by its thermal
expansion and the action of gravity in areas with different densities (Archimedes' forces). The simulation of more
complex types of air movement with the formation of vortex flows using numerical methods and the

Periodico Tché Quimica. ISSN 2179-0302. (2019); vol.16 (n°32)
Downloaded from www.periodico.tchequimica.com
345

DOI: 10.52571/PTQ.v16.n32.2019.363_Periodico32_pgs_345_361.pdf



corresponding program codes written in C++. It was found that the movement of air mass in the space between
the device and the fence strongly depends not only on the temperature of the device, the wall, and the outside
air. It was revealed that hydrodynamics and heat transfer are significantly influenced by two geometrical
parameters: the distance between the device and the wall, and the distance from the flooring to the bottom of
the device. In particular, a thin layer of the downward flow of cold air along the fence and above the floor is
possible. The condition for the occurrence of such a downward flow has been found, it is determined by the ratio
of the temperature of the wall, the device, and the average temperature in the room.

Keywords: air mass, physical process, modeling, thermal conductivity, geometric parameter.

ABCTPAKT

BeinonHeHo wuccrnegoBaHue xapakTepa ABWXKEHMS BO3QYLIHOW MacCbl B MNPOCTPAHCTBE  MexXay
oborpeBarLMM MOMELLEHNE MNpMOOPOM UM OrpaHMYMBAIOLLENA HAPY)KHOW CTeHbl nomelleHus. [poBeageHo
MoAenupoBaHme rmgpoanHaMmMYecKoro ABMXXEHUS BO3AYLUHOMW MacChbl HA OCHOBE ABYMEPHbIX MO NPOCTPaHCTBY
ypaBHeHun HaBbe—CTOKCa M YypaBHEHWsI KOHBEKTUBHOM TEMMOMPOBOAHOCTU ANl BbIICHEHUA AeTanbHON
KapTvHbl BO3HUKaKLWNX (HU3NYECKMX MPOLECCOB. Takke AN HEKOTOpbIX YacTHbIX Cry4yaeB MONyYeHbl
aHanUTUYecKne peLLeHns COMPShKEeHHOW 3adayun, rage [ABWKEHMe BO3dyXxa Bbi3BaHO €ro  TEMnoBbIM
pacwupeHnemM M AENCTBMEM CUMbl TSXKECTU Ha yvacTkax C PasfUYHbIMU MAOTHOCTAMU (CUmnbl Apxumeaa).
BbinonHeHo MoaenupoBaHue 6onee CrnoXHbIX BUOOB ABWMXEHUS BO3dyXa ¢ 0bpa3oBaHMEM BUXPEBbLIX NOTOKOB
C MOMOLLbIO YMCMEHHBIX METOLOB U COOTBETCTBYHOLUMX UM MPOrpamMmMHbIX KOAOB, HanncaHHbIX Ha sA3blke C++.
[Mpn 9TOM yCTaHOBMNEHO, YTO ABMXEHUE BO3OYLLHOW MacChl B MPOCTPaHCTBE Mexay npnbopom 1 orpaxaeHnem
CUMbHO 3aBUCUT HE TOMbKO OT TemnepaTtypbl Npubopa, CTeHbl M HapPYXHOro Bo3ayxa. BbiABMEHO,UTO Ha
rmapoauHamMuky M TennoobmeH CyllecTBEHHOE BMMsIHME OKa3biBalOT [Ba reoMeTpu4eckux napameTpa:
paccTosiHne Mexay NpudopoM M CTEHOW, U PacCTOsiHME OT MOSIOBOro MOKPbITUSI 4O HWDKHEW YacTtu npubopa. B
YaCTHOCTU, BO3MOXHO BO3HMKHOBEHME TOHKOIO CIOS HUCXOASLIEro MoToKa XOMOoAHOro BO3AdyXxa BAOMb
OrpaxaeHus 1 Hag NonoBbIM MOKPbITMEM. HangeHo ycnoBme BO3HUKHOBEHUS TAaKOro HUCXOASLLEro notoka, OHO
onpegensieTcs OTHOLeHMeM TeMnepaTyp CTEHKU, Npubopa v cpegHen TemnepaTypbl B MOMELLEHU.

KnroueBble cnoBa: 6030ywHass Macca, cpusudeckuli npouyecc, modenuposaHue, mMmMennaonpo8odOHOCMb,
eeomempuydeckull napamemp.

Modern numerical methods and schemes
are widely used in the work since without them it
is impossible to obtain solutions of nonlinear
equations of hydrodynamics and convective heat

INTRODUCTION

The temperature field between the heater
and the fence is highly dependent on the

movement of air, and it can be caused by
artificially or spontaneously. Of greatest interest
to us is the second case, called free convection.
The distribution of heat on the inner surface of
the building envelope, i.e., inside the wall, the
other side facing the street, is determined both by
the state of the environment (air mass) outside
the room, and by thermal physical and
hydrodynamic processes in the boundary area
between the device and the fence.

The formulated research direction is divided
into parts, which are determined by the division of
the physical regions of space into three parts:

1) including outdoor (street) environment;
2) the enclosing surface itself;
3) and the space between it and the heater.

The most complex processes occur in the
third area, and as a matter of priority,
consideration begins with it.

conduction.

Program codes for the implementation of
numerical methods and schemes are written in
DevCpp language version 4.9.9.2/5.11. Graphic
materials to illustrate the results obtained using
software codes, created on the software package
Origin Pro version 7.0.

MATERIALS AND METHODS

2.1. Description of the physical picture of the
air flow between the device (heater) and the
enclosing construction (wall)

In heated residential and industrial premises,
they mainly deal with free convective movements
of continuous media. Such free convective
motions in the mechanics of liquids and gases
arise due to a change in their density (thermal
expansion) and the action of gravity. The change
in density is caused by changes in temperature in
space and in time. As a rule, temperature drops
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AT arising here are very small if T takes some
average temperature as a reference point, then
the normal speeds Au and hydrodynamic
pressure drops Ap will have orders of magnitude:

2
pu~2 Jel, ap~aw? ~| 2L g,
TO TO

where: g — acceleration of gravity; / — the
characteristic length along the direction of gravity,
and at which a temperature drop occurs.

If the relative temperature change is AT/To
= &£ << 1, then the characteristic values of the
speed of the liquid or gas Au turn out to be small
values of the g and the characteristic changes in
the hydrodynamic pressure Ap — are small
values higher than the smallness order €. These
data are further the main provisions to simplify
the analysis of hydrodynamic and thermal-
physical processes in a heated room.

The device for heating the room with
characteristic dimensions a and b is located
below the window and at some distance h from
the building envelope, which in this case is the
outer wall of the building (Figure 1). It also shows
the selected coordinate system, which s
necessary for further discussion. In the window,
there may be a gap for refreshing the air in a
heated room, it is placed in the lower or upper
part. In addition, it is possible the occurrence of
construction defects when installing window
frames of unintended cracks through which cold
outside air penetrates the room. The closer the
gap is, the stronger its influence on the processes
between the device and the wall.

To simplify the problem, the heating device
will be considered to have a flat surface on the
side facing the wall. This condition is well
satisfied with a device made of aluminum alloys
(Figure-2). It has a high temperature compared to
the wall. Therefore, in the space between them, a
spatially uneven temperature field is established.
Outside of this space, the temperature is
somewhat lower for several reasons, which leads
to convective movement of air in the entire
volume of the room due to the emerging
Archimedes forces. This movement is the more
significant, the higher the temperature difference
between different points in space. Since the
greatest temperature gradients are observed
near a heating device located close to the cold
window opening, here too there will be maximum
air velocities.

2.1.1. Hydrodynamic processes and their

equations

To analyze free convective flow, it is
necessary to simplify the Navier — Stokes
equations; usually, this procedure begins with the
representation of the density of the medium
through a temperature gradient. Since in the case
under consideration significant temperature
changes are possible in both directions of the x
and y coordinates, we perform the following
expansion in a Taylor series in a neighborhood of
a certain point (xo, yo). In this case, you can write
Equation 1.

The specificity of free convection lies in the
relativity of such a motion of the medium; it arises
only in the case of a density difference appearing
at arbitrary points in space. For a point (xo, yo)
and density in it usually choose a place where
free convective motion is absent. In a heated
room, it can be its central part.

Using the Equation of state of an ideal gas
p = pRyT, where - the gas constant of air, we
calculate the derivative

ap P _ p_ P

of RT> T Ty

The use of the approximate equality sign
here is justified by the smallness of the
temperature change at room conditions and the
leading role for the occurrence of convective
motion of the temperature difference in height
and width of the gap between the device and the
wall. Thus, the Tyler series (Equation 1) will be:

~ _& a_TAx+a_T
£=r To(ax dy

Expressions in brackets are temperature
changes, respectively, along with the x and y
coordinates, they can be given the form:

oT oT
— A =AT, —Ay=AT
ox * dy =%

where the entries AT and A,T mean
temperature differences along with the x and y
directions, their sum is that smallest quantity AT ~
<< 1. Then you can write Equation 2.

These temperature gradients AxT and A, T
are scalar quantities and are included in the
density decomposition as a sum, therefore, in
some approximation, they can be combined into
a general Equation 3.

With the transformations done, equation (2)
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now takes the form Equation 4.

We now consider the question of simplifying
the equations of motion of the air mass. Shown in

Figure- 1, the dimensions are such that
inequalities are well satisfied:

h h

—<<1, —<xl

a b

As a rule, in practice h=0.03+0.05m, a=
05406 m, b = 1.0-1.5 m, so in order of
magnitude h/a~ h/b ~ 0.1 and less.

The second inequality means that to
describe the physical processes between the
device and the wall, we can neglect the
dependences on the =z coordinate, they are
significant only in a relatively small region near
the right and left edges of the device. Also, due to
the symmetry of the transfer processes along the
z coordinate, there is practically no movement of
air in the region between the heating device and
the wall in this direction, except there may be
special conditions that are not of general interest.
Thus, the first inequality allows us to apply the
simplified two-dimensional Navier — Stokes
equations [Loitsyansky, 2003] for stationary
hydrodynamic air flow Equation 5.

where u, v — projections of the air velocity
vector on the x and y-axes; p — pressure; p — air
density; 4 — dynamic air viscosity. The first two
equations express the law of conservation of
momentum (or, Newton's second law for
continuous media), the third equation is the law of
conservation of mass.

The above inequalities for the characteristic
sizes h, a, b allow us to estimate the contribution
of each term in the Navier — Stokes equations.
The first inequality indicates the most significant
changes in the absolute values of gas
parameters in the vertical direction of the x
coordinate, but on their weak gradients. At the
same time, the changes in the direction of the y
coordinate are opposite: the absolute values of
the parameters of the gas very slightly along y,
but the gradients in the direction of this
coordinate are relatively large. By using the well-
known standard techniques [Loitsyansky, 2003;
Bennett, 1996] to simplify the Navier — Stokes
equations, we can conclude that in order of

magnitude:
u~gh, v~"eh,
a

u_Jsh ou_eh

x  a @ h
I _hygh_,Jgh v _hysh_gh
ox a a @& 9 a h a’
82u~\@ 82u~\@
o at ot nt

Using these qualitative representations of
velocities and their derivatives, the following
conclusions can be made:

1) in the first ratio from the system
(Equation 5) the estimates are valid

du du du
— << 53 <<7;
ox dy ox dy
2) in the second ratio, inequalities are
approximately satisfied

v dv 9 dH
T <<, <7
ox dy ox dy
As a result of applying these groups of

inequalities instead of (Equation 5), we arrive at
the following system of Equation 6.

v <u,

But in this system of equations, there are
still insignificant factors, and for further analysis,
we will consider in more detail the region of air
flow (Figure 3). Curves with arrows show
approximate airflow directions.

On solid surfaces, y = 0 and y = h, both
velocities u and v should vanish due to the gas
“sticking”. The vanishing of the velocity v on
these boundaries with a relatively small interval h
<< a will lead to the fact that in the interval [0, h]
the velocity v does not have time to grow strongly
in absolute value. Over the entire height of the
device, this speed will always remain very small,
and approximately any movement associated
with this speed v can be ignored. In essence, in
the language of mathematics, this means that
one can take v = 0. Then completely discarding
the second ratio in the system (Equation 6), and
in the remaining equations all terms with factor v,
we arrive at the following rations in Equation 7.

Given the essential role of gravity (giving,
ultimately, the power of Archimedes) and
Equation 4 for steady processes, the product pg
can be written as in Equation 8.

Then instead of the system (Equation 7),
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we get the equation Equation 9.

If you open the bracket in the first equation
of the system (Equation 9), then a constant
additive of g, appears, it leads to the
appearance of the usual hydrostatic pressure in
height [Loitsyansky, 2003; Bennett, 1996], which
does not affect the hydrodynamic air flow. To
eliminate the hydrostatic pressure from (Equation
9), we replace the pressure p in it according to
the equality:

p=Dpo+pgx+p,

where po — normal atmospheric pressure, po
= const; p° — new hydrodynamic pressure, then
we get the following system of ratio in Equation
10.

The main driving force here is the force of
Archimedes Fa, up to an insignificant constant, it
is represented in Equation 10 as a complex:

TO

In practice To = 20+25°C=293+298 K — This
is the average comfortable temperature in heated
premises. The maximum possible value of T is
reached only in a very small vicinity of the device,
where the air temperature is about 100 °C, but in
reality, and in most of the space, it is significantly
less. Therefore, let T = 70 C = 343 K, then the
relative temperature change:

FA~ g .

T-T, 343-293
T, 293

E= =~0.17<<1.

The small parameter ¢ also characterizes
the relative change in the density of the air, and,
where the density is less, the velocity u is higher.
This means that the speed is u~ € << 1. Under
such circumstances, the hydrodynamic pressure
p” does not play a significant role, and its
magnitude is of the order of p”~ 17 ~ £ and the
contribution can be neglected, assuming p=0.

Now, with this in mind, you can write out the
final form of the equations of air velocity
movement (Equation 11 and 12).

We make the following remark: the
equation is approximate and can cause
controversy. A weighty reason for this is the
uncertainty of the point (xo, Yo), relative to which
the Taylor series (Equation 2) is decomposed.
This circumstance leaves the temperature To
accordingly uncertain. Therefore, solutions of

Equations 11 and 12 need to be rechecked using
equality (2). Given this circumstance, the
computational domain (Figure-3) is shown with
an indication of the selected point A (xo = 0, yo =
h) with the temperature To in it. Moreover, the
inequality ya >> h must be fulfiled, and
convective motion should not be observed at the
point ya.

So, the solution of Equations (11) and (12)
is sought in the rectangular domain given by the
inequalities:

O<x<a O<y<h

The question of conditions at the boundaries,
where the laws of conservation of energy,
momentum, and mass should be reflected in
mathematical form, is discussed below.

2.1.2. The equation to describe

thermal processes

Gas properties such as thermal conductivity
and heat capacity depending on temperature, but
in the problem, under consideration, their
changes can be neglected: temperature changes
here are so small that with high precision heat
transfer coefficient 4 and heat capacity (in
particular, at constant pressure) ¢, can be taken
as constant parameters. The fulfillment of the
inequality and the presence of symmetry in the
direction of the =z coordinate for thermal
processes means the possibility of neglecting the
molecular transfer in the direction of the =z
coordinate in comparison with the directions of
the x and y coordinates.

h

—<<1

b
Other inequality

h <<1
a
allows you to ignore the molecular transfer

along the x coordinate compared to the direction
along the y coordinate. This does not apply to the
mechanisms of convective heat transfer, which
must be analyzed separately. Therefore, with this
in mind, we can accept the use of Equation 13.

The computational domain for Equation
(13) is the same as for Equations 11, 12. The
above justifications for neglecting changes in air
density when writing Equation 13 remain valid for
thermal-physical processes.

As can be seen, hydrodynamic and
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thermal-physical processes have a strong
influence on each other: the distribution of heat in
the space between the device and the wall
depends on the gas velocity u, which, in turn, is
determined by the temperature field T (x, y). But
this field has the opposite effect of the velocity
field.

2.1.3. Border conditions

The number of necessary boundary
conditions is determined by the highest degree of
derivatives in the differential equations. In
Equations (11)—-(13), describing hydrodynamic
and thermal processes in the space between the
device and the wall, there are second derivatives
in the y coordinate and first derivatives in the x
coordinate. Moreover, (11)-(13) contains the
second derivatives with respect to y of the
velocity u and the temperature T. Consequently,
for the air velocity u, it is necessary to set two
conditions at the boundaries y = 0 and y = h, the
same picture will be for temperature T. The first
pair of boundary conditions for speed expresses
the “sticking” condition [Loitsyansky, 2003] and
Equation 14.

To formulate the second pair of boundary
conditions for temperature, we note that the
device has a thin shell inside which hot water
moves. The movement of water creates the effect
of the presence inside the device heater. The air
blowing around the surface of the device
somewhat reduces the temperature of the contact
surface y=h, but given the high thermal
conductivity of the metal and the high heat
capacity of water inside the device, compared to
the heat capacity of air, the temperature of the
contact surface can be considered constant and
equal to the water temperature inside the device
T, and then the condition follows according to the
Equation 15.

There are no internal heat sources on the
other surface of the wall, and there is no, as in a
heating device, moving mass flows with a given
temperature. Therefore, on the surface y = 0, the
condition of convective heat transfer should be
specified [Bennett, 1966], Equation 16.

where o — heat transfer coefficient; Tw —
average or effective temperature inside the
machines. This temperature T, can be
determined theoretically by solving the problem of
heat exchange between the wall and the outside
air, or by direct experimental measurement.
Below Ty is considered a known value.

The heat transfer coefficient oz can be found

by the universal dependencies of the so-called
Nusselt numbers Nu Reynolds numbers Re and
Prandtl Pr, established by experimental and
theoretical methods. When air moves near the
wall, a very thin laminar boundary layer is formed,
where significant changes in velocity in the
direction of the y coordinate occur. When
simplifying the hydrodynamic equations, this
boundary layer “fell out”, since v = 0 was taken
and with the intention to take into account
processes in the entire coordinate interval from
y=0 to y=h. In the solutions of Equations (11) —
(13), although there is no boundary layer, the
effect introduced by them is taken into account in
the boundary conditions. We use the task of
finding the heat transfer coefficient on the plate
surface, where (for the average along the plate
portion) the Nusselt number is expressed by the
formula [Bennett, 1966]:

Nu = 0,664+/Re - Pr'/3.

For the case considered here of the flow
around a wall surface under the action of a
device with height a, we can take Nu = aa / 1
from Reynolds numbers Re = u.a /v and Prandt/
Pr = / k. Here v — kinematic viscosity of air; u. —
characteristic air velocity. Since for gases the
number P= 1 [Bennett, 1966], then we can write

Nu =0,664+/Re .

Or in dimensional terms, this formula takes
the form

4% _ 0.664. "4
A 1%

From here, we find the heat transfer
coefficient o:

o= 0,664i Ua
a 1%

Substituting it in Equation 16, we find the
condition for the surface y = 0 in Equation 17.

Thus, two more necessary boundary
conditions (15) and (17) are formulated. Here, the
characteristic velocity u- remains unknown. In a
convective heat transfer on a plate, the rate of the
blowing gas far from the plate, representing the
maximum flow velocity, is assumed to be u: = u.,
u.. Here, with the free convective flow, there is no
such a definite flow rate, therefore, the value u.
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will have to be established after finding the air
velocity distribution in the space between the
device and the wall.

Equations (11)-(13) contain the first
derivative of the velocity v and the temperature T
with respect to the variable x. This means that for
a complete solution of the problem, one boundary
condition is needed at the boundaries x=0 and
(or) x=h, and if, for example, the condition for
temperature is set at x = 0, then the boundary
condition is not needed at x=h , and vice versa,
after setting the condition at x=h, it is not
necessary to set the condition at x=0. The same
applies to the velocity u.

The appearance of the boundary conditions
along the x coordinate is a very difficult question
since it is determined by the physical conditions
near the boundaries x = 0 and x = h. In particular,
a difficult situation takes place in the upper part of
the computational domain, where the complex
hydrodynamic air flow is usually realized for the
following reasons:

1) a window can have artificially created
slots for the purpose of ventilating the room, and
such ventilation slots can be intentionally created
in the lower or upper part of the window opening
(Figure- 4a) [Ryabova, 2015; Kalitkin, 1978;
Tikhonov, 1966; Baker, 1981]. In some special
and rare cases, the window may simply be
slightly opened;

2) when installing the window, a defect
may be made in the form of a loose fit of the
window sill to the brickwork of the window
opening (Figure-4b), or the walls in old buildings
may have small cracks, they can also occur in
places where earthquakes often occur. Here, the
curved arrows indicate the possible movement of
air masses.

Data on the gas velocity distribution at the
boundaries x=0 and x=h can be obtained by
experimental measurements. But it is possible to
solve the hydrodynamic and thermal problem,
which includes together the space between the
device and the wall, the area near the sill and the
floor slab, but this problem is challenging in
mathematical terms because of the complex
geometry.

It should be noted that the authors carried
out a preliminary mathematical analysis of the
physical processes in the space between the
heating device and the enclosing wall and on its
basis obtained analytical solutions for the
temperature distribution in Equation 18.

And airflow rates in Equation 19.

In the space between the heater and the
enclosing wall. These solutions are approximate,
but convenient for practical use because of their
simplicity.

The sign and the numerical value of the
ratio of two parameters T.; and T.., which have
the dimension of temperature, has a qualitatively
strong effect on the velocity distribution u(y):

T, =Tp + BT, -1+ BT,
T:kZ ﬂ(Tp_TW) .

The denominator of the fraction here is
always positive. The numerator can be either
positive or negative, and it depends mainly on the
numerical value of the parameter A. It can
formally vary from 0 to . The condition for
changing the sign of the relation T.1/T:.2 is given
by the in Equation 20.

When it is executed, the ratio T.1/T.2 < 0,
which means the possibility of a thin layer of
descending cold air flow along the wall, but the
implementation of this inequality is still not
enough. Downstream air flow appears if (besides
the obvious and non-interesting roots z=0 and
z=1), one more third root of the right-hand side
(Equation 19) of the equation zy, equating to
zero, will become positive:

Ty

Lo

>0.

Zer =-1-3

In this case, the velocity u in the space
adjacent to the wall z <z: may become negative.
Revealing inequality (Equation 21) and after
simple transformations, we find the condition for
the occurrence of downward airflow:

The condition for the occurrence of the
downward flow of cold air can be given another
convenient form for practical use. Note, according
to Equation 18, the temperature on the surface of

the wall Ts is equal to:
T, =T(y=0)=Tp+—'67W.
1+
From here we express Twin Ts:
- (1+p)7T,-T,
w ﬂ :

Easy to check that
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1+
Tp —Tw ZT(TP _Ts)’

and further
T*1
T*z

_ Ts _TO
T, -T,

Then the condition for the existence of a positive
value z.ris written in the form:

This shows that the occurrence of the
downward flow is determined only by the average
temperature in the room T, and the temperature
of the device Tp, and does not explicitly depend
on the geometric parameters of the device, the
gap with flowing air and the distance between the
wall and the heating device.

Figure 5 shows the distribution of air
velocity at various values of the parameter 5. For
calculations, the corresponding C ++ program
code was used.

Calculations (Figure-5) by the Equation 19
were carried out with the following values of the
input parameters:

o =1.1kg/m3 g=9.81m/c?
1.8:10° Pa's,

To = 293 K (20 °C),
343 K (70 °C).

At selected temperatures Ty, Tw and Tp, the
critical value is S = 5.0, curve 1 in Figure-5 was
built at g < fe, therefore, no downward flow of
cold air is observed, the other curves 2 and 3 are
built at § > B, here we can clearly see the
downward movement of air. Since z varies from 0
to 1, the length z; gives as a percentage the part
of width h occupied by the descending airflow, as
in curve 3 in Figure-5, we determine that the
downstream takes zi = 0.2 or 1/5 of h. This
stream is relatively weak, and the maximum
speed reaches approximately modulo |u] = 0.2
m/s, while the ascending part of the stream has a
maximum speed of about 2.7 m/s.

h=003m, u=

Tw=253 K (20 °C), T,=

Of interest is the distribution of the air flow
rate at various temperatures “inside” the wall Ty.
For fixed values of the other parameters, the
variation of T, would mean, for example, strong
convective heat transfers on the outer surface of
the wall, small thicknesses of the wall itself, many
cracks in the wall, etc. Any factors that stimulate

heat loss from the outside of the building
envelope lead to a decrease in the temperature
Tw. In this connection on fig. 6 shows the results
of calculations of the velocity field u(y) for various
values of Ty.

The arrows show the plot of speed for curve

As the temperature T. changes, each curve
in Figure 6 corresponds to its critical value of the
parameter £

7-W = 263 K (_10 OC) — ﬂcr = 150,
Tw = 248 K (=25 °C) — for = 3.75:
Tw=238 K (=35 °C) — B = 2.50.

These data show a strong dependence of
por on temperature T, which means a high
sensitivity of air flow in the area between the
heater and the wall to heat loss through the outer
surface of the building. If at T, = 248 K (-25 °C)
the downstream region occupies z. = 0.25 of the
width h, about 7 mm, then with a relatively small
temperature change T, = 238 K (-35 °C), the z;
=~ 0.41 of the width h, or 12 mm.

As the temperature T, changes, each curve
in fig. 6. corresponds to its critical value of the

parameter S
w= 263 K (=10 °C) - fr= 15.0;
w= 248 K (-25 °C) - fr = 3.75;
w= 238 K (=35 °C) — fer = 2.50.

The descending flows of cold air found here
during modeling near the enclosing cold structure
look weak enough to attract attention. But such
flows can play a significant role in creating
comfortable conditions when it comes to the
heating of residential premises, wards of
hospitals and clinics. Downward streams of cold
air move along the surface of the floor, and
slightly changing its temperature. Such streams
lead to dramatic temperature fluctuations near
the floor surface and can have a noticeable
negative impact on people's health, or create
thermal discomfort. In this regard, it should be
noted that in the modern scientific literature on
the design and optimization of heat supply
[Tabunshchikov, 2002; Malyavina, 2007;
Lysenko, 2015; Khrustalev, 2005], the above-
mentioned near-wall cold currents do not receive
due attention.

According to Equation 18, the temperature
Ts on the surface of the enclosing wall facing the
device is equal to:
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T +
T,=T(y=0)=-"—""= ﬁTw.
1+

The calculation using this equation with the
above values of the parameter S and
temperatures Tw, To, and T, show changes in Ts
approximately within 257 ... 271 K, or, in degrees
Celsius, it will be from —24 °C to 2 °C. These are
cases of very cold walls, but physically feasible in
practice and they may well occur. This can be
easily verified if Ts is calculated using known
simple methods [Khrustalev, 2005; Baskakov,
1991; Roach, 1980; Lorenz, 1963; Schuster,
1985] under the assumption that on the side of
the wall x = —L facing the outside air with
temperature T., the same temperature occurs.
The temperature distribution in the wall T;(y) of
thickness L and with a given outside temperature
Tcis given by a linear law:

T —T
Tl(y):Tp_u(H_l} 5=£,
1+6 L A h
-L<y<0,
where A, — coefficient of thermal

conductivity of the building envelope material. In
this case, in the space between the wall and the
device, the temperature distribution is:

T —-T
T(y)=T,-—+—(h-y), o<y<n
P1+6

Hence, for the temperature T, we get
Equation 22.

Using here the usual practical numerical
data [Tabunshchikov, 2002; Malyavina, 2007;
Lysenko, 2015; Khrustalev, 2005; Baskakov,
1991] L[=0.7 ™, h=0.05 m, A=0.4 W/(m-K),
A=0.024 W/(m-K), T, = 253 K ( or, —20 °C), we
obtain Ts = 19 °C. This temperature is not much
different from the above values obtained in
accordance with the data in fig. 5 and 6.

The results in the form of Equations 18, 19
and the conclusions that follow from them were
obtained with rather severe restrictions on the
dependence of the air flow velocity and
temperature only on the coordinate y. This
affected the absence of the necessary boundary
conditions at x=0 and x=h. The observed
downward flow of cold air along the wall is
caused only by the relatively cold wall
(enclosure). But such a flow of cold air can easily
occur in the conditions of a construction defect
and the presence of a ventilation gap in the
windows, especially in its lower part.

Consideration of more complex phenomena
becomes difficult or simply impossible with the
use of simple mathematical equations and
analytical techniques. Therefore, it is necessary
here, firstly, to take into account partially or
completely dropped terms in the Navier — Stokes
equations; secondly, to involve numerical
methods for solving partial differential equations.
The use of numerical methods is a separate and
very complex issue, and this is not only because
of the many such methods but the complexity of
the physical processes and phenomena being
studied. Therefore, special attention is paid below
to the mathematical aspects of the application of
numerical methods to the solution of the Navier —
Stokes equations and the heat equation.

2.2. Modeling results and their analysis

Thermal mode during normal operation of
the heating system is well studied and described
in modern scientific literature, for example, in
books [Tabunshchikov, 2002; Malyavina, 2007,
Khrustalev, 2005; Sabdenov and Baytasov et al.,
12/2014; Sabdenov and Baytasov et al., 13/2014;
Batchelor, 1973; Idelchik, 1992; Landau, 2000;
Alyamovsky, 2005]. There are few cases where
there is a gap near the device through which cold
outside air enters the room. This flow is
considered to be very narrow due to the small
width of the gap. Since the indoor temperature
differs from the outdoor temperature T, there is a
complex movement of air masses in the gap
between the external environment and the
environment inside the room.

Initial conditions and initial physical parameters

Since the relative temperature changes are
not too significant, the temperature change on the
wall surface Ts on the interval 0 < x < a can be
approximated by a linear dependence to
Equation 23.

where Ty - is the temperature at the bottom
of the wall (at the level of the floor surface); Te,in —
air temperature at the exit from the slot, it is
believed that the outside air gets warm as it
moves along the slot channel. The amount of
warming remains unknown but can be readily
determined empirically.

Using dependency (Equation 23), the first
variants of modeling the processes of heat
exchange and mass transfer in the space
between the heating device and the enclosing
outer wall of the heated room were carried out
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with the following initial parameters:
* device height: a =0.7 m;

» width of the gap between the device and the
wall h=0.03m;

« air thermal conductivity coefficient 4 = 0.024 W /
(m-K);

* air heat capacity c,= 1000 J / (kg-K);

- gravitational acceleration g = 9.81 m/s?;

* gas constant of air Rg= 287 J/(kg-K);

« atmospheric pressure Py = 1.01-10° Pa;

« dynamic viscosity of air z = 1.8:107° kg/(m-s);

* Prandtl number Pr = 0.75;

« equilibrium room temperature T, = 20°C;

* Tein=0°C;

* heater temperature T, = 70 °C;

» wall surface temperature above the floor level
Tso =7 °C;

* scale time tn = 167 s.

Since the non-stationary problem is solved,
they can be chosen arbitrarily - the final
stationary distribution of temperature and air
velocity does not depend on them. Therefore the
initial conditions are taken as

4
y
T(t=0,xy)=T,|T, —Tw(x)]-(l—z) ,

ut=0,x,y)=0, v(t=0,x,y)=0.
Regarding the dimensionless coordinates x’

= x/a, y = y/h and time 7 = t/tn, these initial

conditions are rewritten as Equation 24.

2.2.1. Analysis of changes in the temperature
field in the space between the device and the
wall, depending on the variability in the height
of the wall temperature.

The results of the obtained data on the
temperature distribution between the device and
the wall at different distances from the floor level,
as well as the velocity distribution u(y) between
the device and the wall at different heights x from
the floor level, are discussed below.

Figure 7 shows the temperature distribution
in the transverse direction from the wall to the
appliance at heights from the floor level.

Here in Figure-7 shows a noticeable
deviation of the result of numerical simulation
near the enclosing surface, where y — O.
Changes in the parameters of air flow in height
occurred due to the temperature variability of the
wall along the x coordinate, in the discussed
calculations Ts = Ts(x) # const.

The strongest spatial temperature changes
are observed near the wall, where the
temperature varies from —20 °C to 3 °C at the
height of 14 cm. This is due to the weakening of
the convective upward air flow near the wall,
which is easily seen from the graphs of the
velocity distribution u(y) at different heights from
the floor level (Figure-8).

A weak downward flow of cold air is
observed near the wall, its maximum speed of
about 0.25 m/s is reached at a distance of about
2.6 mm from the wall and at a distance of x = 0.7
m, i.e., at the level of the slot. But a significant
area between the device and the wall is occupied
by an ascending stream of warm air, the
maximum value of which reaches almost 3 m/s at
a distance of about 5.2 cm from the surface of the
device.

RESULTS AND DISCUSSION

The graphs of the velocity distribution u(y)
at various heights from the floor level (Fig. 8)
revealed that the strongest spatial temperature
changes are observed near the wall, where the
temperature changes from —20 °C to 3 °C at the
height of 14 cm. This is due to the weakening of
the convective upward air flow near the wall.
Considering the location of the upward flow of
warm air, it is clear that it occupies a significant
area between the device and the wall (Fig. 8).
However, its maximum value reaches almost 3
m/s at a distance of about 5.2 cm from the
surface of the device.

CONCLUSIONS

1. A preliminary mathematical analysis of
the physical processes in the space between the
heating device and the enclosing wall. Analytical
solutions (18) and (19) have been obtained for
the distribution of temperature and air flow rate in
the space between the heater and the enclosing
wall. These solutions are approximate, but
convenient for practical use because of their
simplicity.
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2. Based on a mathematical analysis of
physical processes in the space between the
heating device and the enclosing wall, it was
established that the occurrence of a downward
flow is determined only by the average
temperature in the room To and the temperature
of the device T,, and does not depend explicitly
on the geometric parameters of the device, the
slit with flowing air and the distance between the
wall and the heating device.

3. The analysis of changes in the
temperature field in the space between the
device and the wall, depending on the variability
in the height of the wall temperature. The
temperature distribution in the transverse
direction from the wall to the device was
established at heights from the floor level (Figure-
7). It was established that a noticeable deviation
of the result of numerical simulation near the
enclosing surface, where y — 0. Changes in the
parameters of air flow in height occurred due to
the temperature variability of the wall along the x
coordinate, in the discussed calculations Ts =
Ts(x) # const.
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2
u(y)=Mz(l—z)(z+l+3%} z=% (Eq.19)
*2

outl,(1+ f)

> L Eq.20

B T, -T, (Eq.20)
(T, ~Ty)

>B,, PB.= Eq.21
B>pBes P, 3,1, -2, (Eq.21)
T i (Eq.22)
P 148 9

X

T, =Tyo — Ty _Tc,in);’ (Eq.23)
T(r=0.x.y)=T,-[F, - T, 1=y, (Eq.24)

T,=T,—(T,-T.)x, u(z=0,x,y)=0, v(z=0,x,y)=0

Figure 1. The layout and dimensions of the heater, windows and enclosing structures
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Figure 2. Typical aluminum heating devices
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Figure 3. The calculated area where the distribution of temperature and air mass velocity is
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Figure 4. Location of the ventilation gap (a) and the gap as a construction defect (b)
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Figure 5. Speed profiles u (y) with different parameters f:
1-=452-=853-=10.

Figure 6. The velocity profiles u(y) at B = 8.5 and different temperatures Tu:
1-Tw=263K(-10°C);2 - Ty =248 K(-25 °C); 3 - Tw =238 K (=35 °C).
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Figure 7. Temperature distribution between the device and the wall at
different distances from the floor level.
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Figure 8. The velocity distribution u(y) between the device and the
wall at different heights x from the floor level.
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