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ABSTRACT

In this paper a theoretical study on conjugated heat transfer (natural convection, radiation and conduction) in a square
room (cavity) with turbulent flow is presented, taking into account variation on the opaque wall emissivity. The room is
formed by an isothermal vertical wall, two adiabatic horizontal walls and a semitransparent wall with and without a
control solar radiation film. The governing equations for turbulent flow in 2D were solved using a finite volume
formulation and k-¢ turbulent model. Results for an isothermal wall at 21°C and an external temperature of 35°C are
presented. The size of the room is 4.0 m length and height and the solar radiation falling directly on the
semitransparent wall was 750 W/m? (AM2). The emissivity of the opaque walls was varied between 0.1 < ¢* < 1.0.
Results show that, based on the air average temperature and the effective heat flux inside the room, the solar control
film under study was advantageous for energy saving purposes, for emissivity values of &* < 0.46. A correlation on
this system for the heat transfer as a function of the emissivities was determined.

Keywords: Conjugate heat transfer, k-¢ turbulent model, emissivity.

RESUMEN

En este articulo se presenta un estudio tedrico de la transferencia de calor conjugada (conveccién natural,
conduccién y radiacion) en flujo turbulento de una habitacion cuadrada (cavidad), considerando la variaciéon de la
emisividad en la pared opaca. La habitacién consiste de una pared vertical isotérmica, dos paredes horizontales
adiabaticas y una pared semitransparente con y sin pelicula de control de radiacion solar. Las ecuaciones
gobernantes para flujo turbulento en 2 dimensiones se resolvieron usando una formulacién de volumen finito y el
modelo de turbulencia k-¢. Se presentan los resultados para una pared isotérmica a 21°C y una temperatura exterior
de 35°C. Las dimensiones de la habitacion son 4 m de longitud y altura y la radiaciéon solar que cae directamente
sobre la pared semitransparente es de 750W/m? (AM2). La emisividad de las paredes opacas fue variando entre 0.1
< g¢" £1.0. Los resultados muestran que, con base en la temperatura ambiente del aire y el flujo de calor efectivo
dentro de la habitacion, la pelicula de control solar bajo estudio resultd ser desventajosa para propdsitos de ahorro de
energia, para valores de emisividad de ¢* < 0.46. Se determind para el sistema una correlacion para la transferencia
de calor en funcion de las emisividades.

NOMENCLATURE
Cp specific heat, J kg'1 K’ P pressure, Pa
c”:d/_\__dAK view factor between elements j-k Pk turbulence kin_(zatic energy production
Lo ] 5 Q heat flux, W m
g gravitational acceleration, 9.81 m s sy extinction coefficient, m”
G solar radiation, W m™, T temperature, K
Gy buoyancy production/destruction of kinetic energy T2 cold wall temperature, K
hext convective heatztra}nsfer coefficient at the outside Tg-average iNside average temperature of the glass wall, K
glass wall, Wm™K’ To reference temperature [(Tg-average* T2)/2], K
H height of the cavity, m u, v dimensional horizontal and vertical velocities, m s
L length of the cavity, m x, y dimensional coordinates, m

Ly thickness of the glass, m
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Greek symbols

o absorptivity

P thermal expansion coefficient, K"
¢ rate of dissipation of x, m?s*

Py emissivity

x turbulence kinetic energy, m? s
A thermal conductivity, W m™" K

u dynamic viscosity, kg m™ s

Lt turbulent viscosity, kg m™ s

p density, kg m™

p* reflectivity

o Stefan-Boltzman constant, 5.670x10° W m2K
ok Prandtl number for k

o, Prandtl number for ¢

T transmissivity

4

Subscripts

a air

ext ambient
cond conductive
conv convective
f film

g glass wall

int inside

out outside

rad radiative
total total quantities

1. Introduction

In an effort to reduce economic costs generated by
electricity consumption used by air conditioning
systems in buildings and rooms, diverse
alternatives for passive acclimatization have been
developed. One of these alternatives has to do
with the use of solar control films applied on the
windows glass, which are commonly used on
many modern buildings. The goal when using
control solar films on the windows glass is to
reduce heat gains inside the building, located
climates [1]. For mathematical simulations, rooms
are often modeled as square cavities. Several
studies on cavities with different configurations and
boundary conditions have been carried out.
Nevertheless, this work has to do with studies on
conjugated heat transfer in cavities with a
semitransparent wall. Previous studies have
analyzed the effect of radiative exchange on
natural convection inside a cavity and showed that
the effect is significant and should not be
neglected [2-4]. Few studies have considered the
effect of radiative exchange when a
semitransparent wall is placed in the cavity. Behnia

et al. [5] consider a cavity with one glass sheet wall
and presented numerical results for a variety of
Rayleigh numbers in the range 10%<Ra<3x10°. The
authors concluded that, in general terms, the
external convection weakens the internal
circulation, radiation strengthens it, and in
combination the overall effect is a strengthening of
the internal circulation. Kwon et al. [21] presented
a numerical study of combined laminar natural
convection and radiation in a rectangular enclosure
with a transparent window. Their results show that
temperature distributions of adiabatic walls
increase with the transmittance of the transparent
window, however, the effects of solar radiation are
higher than those of surface radiation and pure
natural convection. Alvarez and Estrada [6]
published results of a transient computational
model for combined laminar natural convection,
conduction and radiation in a square cavity. The
cavity is modeled with a vertical glass wall with film
coating. Results show that there is a diminished
convective regime due to the influence of the
radiative exchange. The authors show that the
total energy transferred through the glass/solar
control coating system is lower than the case that
uses just clear glass. Xaman and Alvarez [7]
determined the influence of a semitransparent
glazing, with and without a SnS-Cu,S solar control
coating, on turbulent natural convection in a
square cavity where the effects of surface thermal
radiation were neglected. Results show that the
direct solar energy ftransmittance of the
semitransparent glazing with a film coating was
much lower than the case without a solar control
coating and therefore, the total heat gain through
the glazing with the solar control coating would be
lower than the one without the solar control
coating. Subsequently, Xaman et al. [8] studied the
conjugate heat transfer (laminar and turbulent
natural convection, surface thermal radiation and
conduction) in a square cavity with a glass wall.
The Rayleigh number was varied in the range of
10°<Ra<10". Results showed that the flow pattern
was not symmetric due to the combined effect of
the non-isothermal glass wall and radiative
exchange inside the cavity. As well, the surface
thermal radiation was neglected, a significant
under estimation of the total heat transfer was
found. The authors presented a correlation for the
total Nusselt number for both laminar and turbulent
flow considering conjugate heat transfer. Recently,
Xaman et al. [9] presented a detailed study of fluid
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flow and heat transfer caused by turbulent natural
convection and surface thermal radiation in a
square cavity with a semitransparent wall with
(case A), and without (case B), a solar control film.
The objective of the study was: to obtain the
thermal parameters for cases approaching real
sized rooms and to evaluate the thermal effect of
using a semitransparent wall with, and without, a
solar control film on the airflow in the cavity. A
Rayleigh number range from 10° to 10" was
chosen for the heat transfer study in a square
cavity. Results showed that by using the solar
control film coating on the semitransparent wall,
the total heat flux was reduced from 646.24 to
331.44 W/m?, even though the temperatures of the
film coating on the semitransparent wall (case A)
were higher than the ones obtained without solar
control film (case B), also the air temperature
values in the cavity were higher for case A than for
case B.

According to previous studies [8, 10] the use of a
SnS-Cu,S film results in a lower heat gain inside
the cavity, but air temperatures are higher than the
case without the film. The authors believed that the
emissivity value of the opaque walls had an
influence on the air temperature and that, there
might be emissivity values for which the average
air temperature inside the cavity has an opposite
behavior to that as describe above.

This study shall extend the previous work carried
out by Xaman et al [9], by taking into account
different emissivity values for the opaque walls
(gray-diffuse surfaces) of a square cavity with a
semitransparent wall, for the cases with and
without a solar control film. This study aims to find
the range for which the emissivity value of the
opaque walls gives a lower heat gain and
corresponding air temperatures inside the cavity,
as compared to those obtained when not using a
solar control film.

2. Physical model and assumptions

The heat transfer and fluid flow in a two-
dimensional closed square cavity was considered.
Assuming that the dimension in z direction is much
longer than the other two, then a two dimensional
assumption can be applied. (Figure 1). The

thermal fluid was assumed to be air in turbulent
regime, initially at rest and with a uniform
temperature. The cavity is formed by two horizontal
adiabatic walls, one vertical isothermal wall and one
semitransparent wall (a glass sheet) consisting of
glass and a solar control film adhered to the inside
surface. The left surface of the cavity is an isothermal
opaque wall at 21°C (T,=294K); the top and bottom
horizontal surfaces were considered adiabatic. On
the semitransparent wall an incoming normal uniform
and constant solar radiation flux (750 W/m2) was
considered and two dimensional heat transfer by
conduction was taken into account. The
semitransparent wall transmits, reflects and absorbs
normal solar radiation flux. Absorbed solar radiation
flux increases the glazing temperature and it is
transferred by conduction to the inside and outside of
the cavity. The semitransparent wall, as well as the
opaque walls is considered gray, diffusive, reflective
surface and an emitter of thermal radiation. The
thermal fluid was considered radiatively non-
participating. The thermophysical properties of the air
were assumed constant except for the density in the
buoyancy force term in the momentum equations,
according to the Boussinesq approximation. The
optical properties considered were the integrated
solar spectrum values. The film solar control coating
selected was SnS-Cu,S.

Figure 1. Physical model of the square cavity with a
semitransparent wall

3. Mathematical model

3.1 Turbulent natural convection model

The turbulent natural convection considered in the
square cavity with a semitransparent wall is
described mathematically by the Reynolds
averaged Navier Stokes (RANS) equations. The
RANS equations for mass, momentum and energy
conservation are expressed in tensor form as:
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a(pui) — 0 (1)
ox.
a(puju; P o [ ou
- J " - + — ﬂ
0X;j OX;i  OXj|" 0X%;
(2)
ooy ) :a(ﬂm_puﬁ-]
0X; 0xi | Cp 0X
3)

The above system of equations is not complete
because of the presence of the unknown Reynolds

stress tensor (pu;u; ) in the momentum equation

and the turbulent heat vector (pﬁ) in the energy

equation. In the Eddy Viscosity Model (EVM) the
Reynolds stress tensor is modeled through the
Boussinesq hypothesis as [11-12]:

uu; = —g| Y +% +2 ks, 4
pUU; H 6Xj ax; 3:0 ij 4)

The High Reynolds Number model (HRN)
establishes that the turbulent viscosity ( £ ) can be
obtained as:

k2
w=C, " (5)

where C/, is a constant. The turbulent heat vector
is modeled as follow:

_ M OT
o 0X;

puT = (6)

where o is the turbulent Prandtl number and o; is
the Kronecker delta. The turbulent viscosity can be
related with the turbulent kinetic energy (x) and the
turbulent dissipation of kinetic energy (&) through
the empirical equation of Kolmorogov-Prandtl [18].
The turbulent kinetic energy and the turbulent
dissipation of kinetic energy can be obtained using
its corresponding transport equation:

Apuk) _ 0

0%; 0%;

+R+G—ps  (7)

(ﬂ+/4]6k
Oy 6Xi

OX; OX; OX;

&

- PUi‘U'j J —p BT -Ty) QTM :6{[ﬂ+;—t{}63}+[ck (Pk +Cs,. GK)—CZS pg]E

(8)

where, P, and G, are the production of

turbulent kinetic energy by shearing and the
generation/destruction by buoyancy.

The mathematical velocity boundary conditions on
the walls are zero and the temperature boundary
conditions are set as: adiabatic horizontal walls
(top and bottom), the left vertical wall is isotherm
and heat transfer by conduction is considered at
the semitransparent wall (right wall), that is

Bottom wall:
Oconv-1 T Qrad—1 = 0 (9)

Isothermal vertical wall:

TOy)=T, (10)
Upper wall:

Oconv—3 + Urad-3 =0 (11)
Semitransparent vertical wall:

Oabs T Acond—g-4 = Yconv-—4 t Urad-4 (12)
Where qconv—l ’ qCOﬂV—3 and QConv—4 are the

convective heat transfer fluxes from the inside
surface to the adjacent fluid on walls 1, 3 and 4
respectively. The terms 0,,91, Orag—z a@nd Orag_a
are the net radiative heat transfer fluxes at walls 1,
3 and 4. The term q,, is the thermal energy that is
absorbed by the solar control film of the glazing.

Finally, Qcng-g-4 is the heat flux by heat

conduction through the semitransparent wall.

The boundary conditions and coefficient values for
k-& turbulence model are: k, = 0.0, g~o, C, =
0.09, C;, =144, Cy, =192, 0, =1.0, 0, = 1.3 and
Cs. = tanh | v/u| [10].
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3.2 Conduction model of the semitransparent wall

In order to obtain the temperature profile inside the
semitransparent wall formed by glass (Lg = 6 mm)
with a thin solar control film coating, a differential
energy balance was carried out. The model
solution is used to determine the conductive heat

flux of wall 4 (Qcpg_g-4)- The heat transfer

conduction equation for the differential element of
the semitransparent wall is given by:

o [ Ay 0Ty
— +
0% | Cpg OX;

where @is the attenuation energy function by
absorption and scattering, which depends of the
extinction coefficient (s,) as follows [19]:

Cpg dx

1do_, (13)

O () =Gexp [-s4(Lg —X)] (14)

The outside boundary conditon for the
semitransparent wall at (x=L+L) can be expressed as:

oT,

g a4 —a
7X:hext [Tg _Tamb]+o"99 hg _Tamb] (15)

)
95

Where, T,.., is the outside ambient temperature.
The film thickness (» 6 um) was considered
negligible with regard to the glass thickness (6
mm). In order to obtain the film temperature (T;) at
(x=L), the following energy balance at the film was
carried out:

* * aTg aT
Qs Ty G:_igg"'ja&‘*’qrad% (16)

where T¢= T4(0,y)

The boundary conditions are adiabatic for the
horizontal walls.

3.3 Surface thermal radiation model

The net radiative method was used to calculate the
resulting heat fluxes from the radiative exchange
[19]. The thermal radiative exchange between the
cavity surfaces is shown in Figure 2, using two

differential areas on surfaces 1 and 2. The cavity
surfaces are assumed opaque and diffuse except
the vertical right wall which is a semitransparent
wall. The radiative heat transfer from a surface is
defined as the difference between the outgoing
thermal radiation (radiosity) and the incoming
thermal radiation (irradiance). Therefore, making an
energy balance over the differential element dA;
located in r; position on wall 1 (Figure 2), we can
obtain the resulting heat radiative flux for wall 1:

qradj(xj)zqoutj(xj)_qinj(xj) 17)

Where the radiosity is defined for a diffuse opaque
surface as the sum of emitted energy and reflected
energy, what can be formulated for the jth element as:

qoutj(xj):S}GTj4(Xj)+p>}qinj(Xj) (18)

The irradiance is defined as the sum of energy
fractions outgoing from cavity surfaces differential
elements that arrives to the analyzed surface. The
irradiance mathematical formulation for a surface
elementj on wall 1 is given by:

qinj(xj):z J.qoutk(xk)dFdAj—dAk (19)

k=1 A,

Where the summation over the kth surface
element is to be taken for those elements over
the boundary for which j interacts radiatively.
dFdAj _da, s the corresponding differential view

factor.

Similar equations can be derived for the remaining
opaque cavity walls.

4. Thermal parameters

The average Nusselt number is a parameter used
to quantify total heat transfer inside the cavity. The
total heat transfer involves the contribution of the
convective and radiative Nusselt numbers; thus,
the total convective and radiative Nusselt numbers
can be expressed as:

Nutotal = Nuconv + Nurad (20)
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where:
H
-4 roT
Nuconv 7dy (21)
Ucond 0 0X
H
Nurad - Iqrad—4 dy (22)
cond 0
Geona =2 (T4 =T2)/ L (23)

where T, is the average temperature on the inside
surface of the semitransparent wall and T, as the
temperature on the left wall (wall 2).

3

dA T y

Qrad,i
Figure 2. Radiative balances in differential areas

5. Methodology for the numerical solution
5.1 Discretization

The coupled elliptic partial differential equations of
the convective and conductive model described
above are discretized with the finite volume
method [20]. The equations are integrated over
elementary control volumes located around each
node of a grid. The position of the nodes is
calculated using a stretching function so that the
nodes are closer to each other near the walls of
the cavity. The velocity components are calculated
at a staggered grid while the scalar variables are
calculated at the main grid (not-staggered) (Figure
3). The convective terms are discretized applying
the hybrid scheme and the diffusive terms with the
central difference scheme. Coupling between the

momentum and continuity equations is made with
the SIMPLEC algorithm [11]. The algebraic
equations system is solved by applying the line by
line method (LBL) with alternating direction (ADI).
Furthermore, under-relaxation is introduced using
the false transient strategy. If the residual values of
the different equations and the mass balance for
every control volume are sufficiently low, overall
convergence is obtained (typically 107°). This
convergence criterion assures an acceptable
solution. A radiative balance at the walls is solved
using an iterative approach in order to couple
turbulent natural convection to surface thermal
radiation effects at the boundaries. The view
factors between the elements were determined by
using the equations reported by Alvarez and

Estrada [6].

™ [
AN N SN
k) (P
NEIPZA PN 2

(b) ©

g

|

X

Figure 3. Cartesian grid showing placement of control
volume boundaries: (a) control volume for a scalar
variable (P, T, etc...), (b) control volume for horizontal
velocity ue and (c) control volume for vertical velocity vi,.

The general procedure for the conjugate heat
transfer in a cavity can be summarized in the
following steps: 1) Initial guess values of all
variables (u, v, T,...¢) in the cavity were given; 2)
Equations (17)-(19) were computed for each wall
in order to get the local radiative heat flux on the
walls (0,,9_1: Urag—z @nd 0,aq_4 ); 3) The conductive

model to obtain Qcyg_g-4 Was solved; 4) The

pressure-velocity (u, v, p) were calculated by the
SIMPLEC algorithm; 5) With the new calculated
values of local radiative heat flux and velocity, the
temperature (T), the turbulent kinetic energy (x)
and the turbulent dissipation of kinetic energy (&)
field in the cavity were obtained; 6) A convergence
criterion was applied; and, 7) the process was
repeated iteratively until the convergence criterion
was achieved.
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The accuracy of the numerical results was verified
through numerous tests based on the grid size
effect. Based on numerical calculations, the
computational grid that gives grid independent
solutions was 91x81 with a maximum deviation of
2% for the average Nusselt number. Therefore, a
91x81 grid was used for all cases herein
considered. The discretization for the
semitransparent wall (6 mm) was always 10 nodes
in the horizontal direction for all the meshes.

5.2 Verification of the numerical code

The numerical code developed to solve this
problem has been verified and validated using
different problems from literature; comparisons
have been reported on diverse publications by
Xaman et al. [8-10, 16-17]. Among these
comparisons is the verification and validation of the
Benchmak problem for natural convection with
turbulent flow in a square cavity reported by
Henkes et al. [14] for numerical results, and
Ampofo et al. [15] for experimental results.
Besides, comparisons with numerical [16] and
experimental [17] results, for tall cavities have
been carried out, as well as verifications with the
conjugated heat transfer problem (natural
convection-surface thermal radiation). As a
complement to this section comparison results with
Velusamy et al. [3] for natural convection with
turbulent flow and surface thermal radiation in a
square cavity differentially heated is presented.
Comparison of results was made with the following
two cases: Case 1 (the walls have an emissivity
equal to 0.9, T,=328 K, T,=318 K and Ra=10"")
and Case 2 (the walls have an emissivity equal to
0.9, T,=348 K, T,=298 K and Ra=10""). The
comparison of results is analyzed for both cases in
terms of the average Nusselt numbers (convective
(conv) and radiative (rad)) in the hot (h) and cold
(c) walls. The maximum and minimum observed
differences for Case 1 are 3.14 % for Nu, and 0.11
% for Nup, respectively. In Case 2, the maximum
difference observed is 3.29 % for Nus; and the
minimum difference is 0.10 % for Nu,,. However
the differences for average total Nusselt numbers
(Nugoz) are 1 % and 1.5 % for Case 1 and Case 2
respectively (Table 1).

Casel Case 2

Velusa This Velusa This

my et al. work my et al. work*
| 334.90 (?é‘.lgé%/f) 326.03 (33?’16 5'%/8)
_ci\nhvjc 339.34 (%%19 4%/3) 344.57 (%ézség/?)
_,a,\i,uh 873.58 (?)?12 i?/?) 523.06 (%?12 (')‘?/f)
I\f,u 869.14 (?)?17 ég/f) 504.52 (?)(.)322'§/?)
OZ“‘ 1208.5 25_172% 849.09 g?féf/f)

The values among parenthesis are
percentage absolute differences

Table 1. Comparison of the present study with reported
results by Velusamy et al., (2001) for the turbulent
natural convection and surface thermal
radiation in a square cavity.

6. Results and discussion
6.1 Parameter of study

The parameters used to obtain the conjugate
heat transfer results for the square cavity with a
semitransparent wall using a solar control film
are described next. The cavity length considered
in this work is the 4.0 m. The solar radiation
incoming in a normal direction over the
semitransparent wall has a constant value of 750
W/m?. The glass thickness was set at 6 mm with
a selective coating film of SnS-Cu,S whose
properties were reported by Nair et al. [1] and
are shown in Table 2. The isothermal wall
temperature was taken as 21 °C (294 K). The
external conditions around the semitransparent
wall were: the external convection coefficient
was assumed constant at a value of 6.8 W/m°K
corresponding to a wind velocity of 3 m/s and the
ambient temperature was fixed at a temperature
of 35 °C (308 K) (warm climates). The emissivity
of the semitransparent wall without the solar
control film was set to 0.85 and when the solar
control film was considered, the emissivity was
assumed to 0.4. The emissivity of the remaining
walls was varied in a range: 0.1 < ¢ < 1.0
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Glass (6
mm) Film (SnS-Cu,S) | (Glass-Film)
. . Qysst= gt ar
ag=0.14 A =0.64 =069
. . Tsyst = 1-a sist -
74=0.78 T =0.20 psist=0.15
. . Psyst =R /100
pq=0.08 R =0.16 =0.16
£q=0.85 £7=0.40
Ag=14 | dar=(1-agA100
W/mK =0.55
Cpgy =750 TF= Tist] r*g =
J/kgK 0.19
pg=2500 | pr=1-ri-ar=
kg/m® 0.26

Table 2. Optical and thermophysical properties of glass
and SnS-Cu,S solar control coating.

The results of this analysis are presented as
isotherms and average air temperatures as a
function of the surface emissivities. As well,
effective heat gain inside the cavity for the case of
the semitransparent wall with control solar film
(case A) and without control solar film (case B) are
presented.

6.2 Isothermals and average air temperature in the
cavity

Figure 4 shows the isothermals inside the cavity
for Case A and Case B, for emissivity values of
0.1, 0.5 and 0.9. In general, stratification occurs in
most of the cavity for all cases. Results for an
(opaque wall) emissivity of 0.1 show that, for case
B, the temperatures are higher than those for case
A. It can be seen that at 2 m height case A
presents an isothermal of 320K and for case B of
322.5K. For an emissivity value of 0.5 results show
that the values of the isothermals are slightly
higher in case A than in case B. Significant
differences for the isothermals values for an
emissivity of 0.9 are observed; in case A
isothermals are shown within an interval from 305
to 315K and in case B from 300 to 305K. It can be
noted that average air temperature inside the
cavity is higher for case A. Summarizing, as

observed from Figure 4, this results indicated that
there is an interval of wall-emissivity values for
which the temperatures inside the cavity are
lower for case A when compared to case B and
vice-versa.

Figure 5 shows the average air temperature inside
the cavity as a function of the emissivity values. In
general, for both cases, the average air
temperature behavior is almost linear and it
diminishes as the wall emissivity value increases.
This increment on the average temperature as the
emissivity increases can be explained as follows:
by the Kirchoff law approximation the emissivity
becomes approximately equal to the wall
absortivity (¢ = @), then if the cavity opaque walls
absorb less energy (emissivity diminishes =
absortivity diminishes), more energy will be given
in to the cavity fluid by any of the energy transport
phenomenon and as a consequence temperature
will increase. For case A the average temperature
is between the interval 51.7 to 37.2°C and for case
B the interval is 55.4 to 28.3°C. The average
temperature values for both cases intercept on an
emissivity value of = 0.46, below this emissivity
value average temperature for case A is lower than
for case B. So, is in this emissivity interval (& <
0.46) where the use of the SnS.Cu,S solar control
film is recommendable to be used rather than the
window glass without it. This result allows us to
conclude that there might be a range for each
configuration conformed by the window glass and
the solar control film.

Table 3 shows the average temperature inside
the cavity with a semi-transparent wall for cases
A and B that correspond to all the emissivity
values considered for this study. It can be seen
that for all the emissivity values the semi-
transparent wall temperature is higher for case A
than for case B, this is due to the semi-
transparent wall configuration of case A has a
much higher absortivity value due to the solar
control film (see Table 2). In both cases, the
semi-transparent wall temperature increases
when the emissivity on the remaining walls
diminishes; physically the result makes sense,
due to the assumption that when the emissivity
on the opaque walls diminishes so too does the
absortivity reducing radiation exchange from the
semi-transparent wall to the interior walls.
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Figure 4. Isotherms (K) for an emissivity of £ =0.1,0.5and 0.9 for case A and case B
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Figure 5. Average air temperature as a function
of the emissivity for case A and case B.

g* Tg-av erage (OC)
Case A Case B
(with film) (without film)
0.1 68.77 67.47
0.2 66.50 61.71
0.3 64.91 57.06
0.4 63.34 53.05
0.5 62.21 49.59
0.6 61.26 46.44
0.7 60.45 43.61
0.8 59.75 41.04
0.9 59.12 38.53
1.0 58.56 36.25

Table 3. Average temperature of the interior surface of
the semitransparent wall in function of the
emissivity for case A and case B.

6.3 Total heat flux in the cavity

On previous publications, Xaman et al. [8, 10]
confusion has emerged; in order to clarify this let
us take cases A and B with a wall emissivity of
£*=0.9. In Table 4, the average heat transfer fluxes
of semitransparent wall for cases A and B are
presented for ¢ = 0.9. The nomenclature used is
as follow: q, = transmitted heat flux through the
semitransparent wall toward the interior of the
cavity, q, = absorbed heat flux by the
semitransparent wall, q, = reflected heat flux to
cavity outside, g;x = inside heat flux by natural
convection and thermal radiation from the
semitransparent wall to the cavity, q, = outside
heat flux by natural convection and thermal
radiation from the semitransparent wall toward the
outside of the cavity, g;,+q. = inside total heat flux,

Qourtq, = outside total heat flux. Confusion lies
mainly when evaluating results for the total heat
flux inside the cavity (q;*+q,) it can be agpreciated
that it is lower for case A (331.44 W/m*) than for
case B (646.24 W/m? ); now, when results for the
air average temperature inside the cavity are
quantified, it is observed that temperature for case
A is higher than for case B. So, how would it be
possible to get a higher average air temperature
on case A compared to case B, if for case A the
heat flux is lower. The answer to this possible
inconsistency comes further. The isothermal wall
was assumed to be an opaque wall, with an
emissivity of 0.9, is practically the cause of the
increasing temperatures of air at inside when the
solar control film is used (case A) regarding to the
case when solar control film is not used (case B),
this is explained as follows: It can be seen from
Table 4 that for case A, the amount of total energy
inside the cawty (Qint+q,) is 331.44 W/m? and
646.24 W/m? for case B, then we thought how
could it be possible that higher temperatures were
reached in case A, where the amount of energy
was lower regarding to case B. The amount of total
energy inside the cavity is made up of the radiation
and convection energy (gi) plus the solar energy
directly transmitted through the semitransparent
wall (g,). In Table 4 we can observe that g is
higher for case A regarding to case B (case A:
194.15 W/m?, case B: 61.12 W/m) this result
seems to be Ioglcal as the average temperature of
the semitransparent wall is higher in case A (59.12
°C) than the one reached in case B (38.53 °C)
(Table 3). For the case of g., on Table 4 it can be
seen that its value is lower for case A (case A:
137.29 W/m?, case B: 585.12 W/m?); at this point
the isothermal wall plays an important roll, due to
the energy g, was considered to fall in a direct
form and perpendicular to the isothermal wall. As
the isothermal wall was considered to have an
emissivity of 0.9 and according to Kirchoff's Law
emissivity equals absortivity (€=a) then, the g,
energy that reached the isothermal wall in case A
were 137.29, from this amount 123.56 were
absorbed for the isothermal wall (heat sink) and
the rest of it, which is 13.73 W/m? returned to the
inside of the cavity by convection or radiation, that
is represented in Figure 6. Summarizing, the total
effective energy inside the cavity for case A is

(qim +(q, —a*q,)): gin=194.15 W/m? plus the
percentage of q, energy that was not absorbed by
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the isothermal wall (13.73 W/mz) equals to 207.88
Wim?. Regarding to case B, the energy that
reached the isothermal wall was 585.12, from
which 526.61 were absorbed for the isothermal
wall (heat sink) and 58.51 W/m? returned to the
inside of the cavity. In the same way, the total
effective energy inside the cavity for case B is
(qint+(qr—a*qr)): gin=61.12 W/m? plus the
percentage of q, energy that was not absorbed by
the isothermal wall (58.51 W/m?) equals to 119.63
W/m?. Concluding, the amount of energy at the
inside cavity is higher in case A (207.88 W/m?)

regarding to case B (119.63 W/m2), for that reason
temperature is higher in case A.

Wall-3
Vi

[ T SR ST

-~

3 W — |

Figure 6. Schematic diagram of the total
effective energy inside the cavity.

Finally, in order to show the heat gain that remains
in the system consisting on the cavity and the
semi-transparent wall, Figure 7 shows the total
effective heat flux inside the cavity for cases

(qint+(qf—a*q,)) A and B as a function of the

emissivities. In this figure it can be observed that
both curves intercept for an emissivity value of =
0.46, this value coincide with the one presented in
Figure 4 for the average air temperature. It is
observed that for the emissivity value interval of
£'<0.46 the total effective heat gain for case A is
lower than for case B and for this interval the use
of the solar control film under study is
recommended.

An average total Nusselt numbers as a function of
the emissivity for case A was obtained. Using least
square regression, a correlation for thg average

Nusselt number for case A for 0.1 £ ¢ £1.0 is:
N = 806.8355 ¢ %%°* The Nusselt number

-
B i

correlation shows a maximum percentage
difference of 2.11% against the numerical results.

Case A B
qd: 137.29 585.12
O 492 .49 104.61

d, 120 60
Qint 194.15 61.12
Jout 298.36 43.49
Qint*tg ¢ 331.44 646.24
Qout*d, 418.36 103.49

Table 4. Average heat quxgzs (W/m2) for case
A and B for £=0.9.
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Figure 7. Total effective energy inside the cavity as a
function of the emissivity for case A and case B.

7. Conclusions

This work presents a numerical study of the
conjugate heat transfer in a square cavity with
turbulent flow. The cavity has one Vvertical
isothermal wall, two horizontal adiabatic walls and
one vertical semitransparent wall with and without
a SnS-Cu,S solar control film coating applied to
control the solar radiation transmission.

Analysis on the isothermals as a function of the
emissivity, it was found that there exists an
emissivity interval for which temperatures on case
A are lower compared to case B and vice versa.
This interval was determined from the air average
temperature results and the effective energy flux
inside the cavity; results on each case coincided
on an emissivity interval , where the use of the
solar control film SnS-Cu,S on the semi-
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transparent wall is recommended rather than the
wall without it. This result allows us to conclude
that there might be a range for one and each of the
unique configurations conformed by the window
glass and the solar control film. A correlation for
the heat transfer as a function of the emissivity
was determined.

Results from this study also let us to observe the
influence on having an isothermal wall as a heat
sink, which should be replaced for a heat
conductive wall in future works. As future work
similar studies for different solar control films
should be carried out due to its optical behavior is
not an only conclusive element to determine if its
use would give us lower temperatures inside
rooms, the selection for a solar control film should
be accompanied by a thermal study.

Finally, the developed 2-D numerical model of
conjugate turbulent heat transfer in a cavity with
semitransparent wall was capable of studying in
detail the heat transfer phenomena. This may
represent an advance in the knowledge of what we
can have in real rooms with a window having or
not, solar control film coating.
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