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This paper presents a numerical study of the conjugate heat transfer (natural convection, surface thermal
radiation and conduction) in a square cavity with turbulent flow. The cavity has one vertical isothermal
wall, two horizontal adiabatic walls and one vertical semitransparent wall with a selective coating
applied to the inner side to control the solar radiation transmission. Later on the semitransparent wall
is replaced with another one without the selective coating. The mathematical model for the turbulent
flow in the cavity was solved using the finite volume method. The system had the following conditions:
the uniform temperature in the isothermal wall was 21 °C, the external ambient temperature was fixed at
35°C and on the semitransparent wall the direct normal solar irradiation of 750 W/m? was considered
constant. The Rayleigh number was varied in the range of 10° < Ra < 10'? by changing the lengths of
the cavity from 0.70 m to 6.98 m, respectively. The results show that, even though the air temperature
of the cavity with the solar control film coating semitransparent wall (case A) is higher compared with
the one without solar film coating (case B), the total amount of heat going through the cavity is lower
compared to the one going through the cavity without solar control film. The total amount of energy
transferred to the air in cavity for the case A was 41.98% less than for the case B. A set of correlations

for the Nusselt number was obtained for both cases considering the conjugate heat transfer.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Natural convection inside a square closed cavity with two ver-
tical isothermal walls and two horizontal adiabatic walls is a clas-
sical problem for natural convection, and it has applications in
several technological fields, like cooling of electronic equipment,
flat solar collectors, thermal design of buildings, etc.

In the study of thermal design of buildings, and its components,
such as walls, floor, ceiling, windows and rooms as cavities can be
analyzed by theoretical and experimental methods. The advantage
is the reduction of the real system into an abstract model that al-
lows the manipulation of the components and the physical proper-
ties of the construction materials. Theoretical methods can be
classified depending on how the governing equations are obtained,
overall, differential and integral models. In most cases, the analyt-
ical solution is complex and sometimes impossible to obtain, thus,
numerical methods have to be used to calculate parameters like
the overall heat transfer coefficients which are required in com-
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mercial software based on overall theoretical models for building
thermal design.

Several papers have reported numerical studies for laminar
flows in closed cavities, considering the combined three mecha-
nisms of heat transfer (natural convection, thermal radiation and
conduction). Larson and Viskanta (1976) studied numerically the
conjugate heat transfer in a square closed cavity with opaque
and diffuse walls. The results of Larson and Viskanta shows that
the thermal radiation is the dominant heat transfer mechanism
and it modifies the flow pattern significantly. In the study of Webb
and Viskanta (1987), they included a vertical semitransparent wall
(glass sheet) in the cavity. Their results revealed that the 70% of the
incoming energy to the system was provided by the direct absorp-
tion of thermal radiation. Behnia et al. (1990) also considered a
rectangular cavity with semitransparent wall. The semitransparent
wall had convective losses to the surroundings. The results of Beh-
nia et al. indicated, that the external convection debilitates the
internal flow circulation, the thermal radiation grows up and the
combination of this heat transfer modes produces an increasing ef-
fect for the internal circulation. Kwon et al. (1993) presented the
effect of considering a semitransparent window in the middle of
vertical wall in the closed cavity. Their results show that the tem-
perature profiles in the adiabatic wall increases its values with the
increment of the transmittance of the semitransparent window.
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Nomenclature

dFya,_qs, Vview factor between elements i-j

G specific heat (J/kg K)

Cier Cog, C3¢, Cy coefficients of the turbulence model

g gravitational acceleration (9.81 m/s?)

G solar radiation (W/m?)

Gy buoyancy production/destruction of kinetic energy

Rexe convective heat transfer coefficient at the outside glass
wall (W/m?K)

H height of the cavity (m)

L length of the cavity (m)

Lg thickness of the glass (m)

Nu Nusselt number

P pressure (Pa)

Py turbulence kinetic energy production

Pr Prandtl Number (v/a)

q heat flux (W/m?)

Ra Rayleigh number, (g'8ATL?/va)

Sg extinction coefficient (m~1)
T temperature (K)

T, cold wall temperature (K)

T4 inside average temperature of the glass wall (K)
To reference temperature [(T4 + T)/2] (K)

u, v dimensional horizontal and vertical velocities (m/s)
Xy dimensional coordinates, m

X,y dimensionless coordinates, x/H, y/H

z stretching factor of grid

Greek symbols
o thermal diffusivity (m?/s)

o absorptivity

B thermal expansion coefficient (K~!)
AT temperature difference (T4 — T3) (K)
e rate of dissipation of x (m?/s>)

g emissivity

K turbulence kinetic energy (m?/s?)
y) thermal conductivity (W/m K)

u dynamic viscosity (kg/m/s)

e turbulent viscosity (kg/m/s)

y kinematic viscosity (m?/s)

o density (kg/m?)

0 reflectivity

o Stefan-Boltzman constant, 5.670 x 1078 W/m? K*
or turbulent Prandtl number

ok Prandtl number for k

g Prandtl number for ¢

T transmissivity

Subscripts

a air

ext ambient

cond conductive

conv convective

f film

g glass wall

int inside

0 outside

rad radiative

Sys system

total total quantities

Alvarez and Estrada (2000) considered, besides the semitranspar-
ent wall a solar control film adhered to the inside surface of the
semitransparent wall. The comparison of the laminar air flow pat-
terns between the effect of using clear glass and coated film glass
in the cavity showed that they are similar qualitatively but differ-
ent quantitatively. The authors show that the total energy trans-
ferred to the air in the cavity through the glass with solar control
coating is lower than the one through the plain clear glass.

On the other hand, there are very few studies dealing with con-
jugate turbulent natural convection and surface thermal radiation
in cavities with semitransparent walls. The problem of turbulent
flow in a closed cavity with surface thermal radiation was studied
by Velusamy et al. (2001) considering a differentially heated cavity
with opaque and diffuse walls. Their results indicated that the
interaction between the radiative surfaces increases the magnitude
of velocities and the turbulence levels in the vertical and horizontal
boundary layers, increasing the convective heat transfer about 25%.
Ampofo and Karayiannis (2003) reported an experimental study of
low-level turbulence natural convection in an air filled vertical
square cavity. The local velocity and temperature were presented
at different locations in the cavity. The authors mentioned that
the quantities are almost negligible in the conductive layer, which
confirms that the heat transfer in this region of the boundary layer
happens by pure conduction. The study also shows that the x-¢
model and LES can predict the mean quantities such as velocity
and temperature in the cavity reasonably well and that LES pre-
dicts the flow quantities much better that the x-¢ model. They con-
cluded that the results can be useful as benchmark data for
comparison with CFD codes. Xaman and Alvarez (2006) deter-
mined the influence of the semitransparent glazing with and with-
out SnS-Cu,S solar control coating on turbulent natural convection
in a square cavity. The results show that direct solar energy trans-

mittance of the semitransparent glazing with film coating is much
lower than the one without solar control coating, thus the total
heat gain through the glazing with solar control coating would
be lower than the one without solar control coating. Anil Kumar
Sharma et al. (2007) investigated the conjugate turbulent natural
convection and surface radiation in rectangular enclosures heated
from below and cooled from other walls. The Rayleigh number
based on the width of the enclosure was varied from 10% to 102
and the aspect ratio was varied from 0.5 to 2.0. Detailed results
including streamlines, temperature profiles, and overall Nusselt
number were presented. The authors concluded that the surface
thermal radiation is found to dampen natural convection and as
a result the convective contribution to the heat transfer is reduced
by ~18-27%. However, this reduction in the convection effect is
mainly compensated by the contribution of radiation; these results
emphasize the need for coupling radiation and convection for
accurate prediction of heat transfer in enclosures. Recently, Xaman
et al. (2008) studied the conjugate heat transfer (laminar and
turbulent natural convection, surface thermal radiation and con-
duction) in a square cavity with a glass wall. The Rayleigh number
was varied in the range of 10% < Ra < 102, Results showed that the
flow pattern is not symmetric due to the combined effect of non-
isothermal glass wall and radiative exchange inside the cavity
and if the surface thermal radiation is neglected, significant under
estimations in the total heat transfer is found. A correlation for the
total Nusselt number was presented for both laminar and turbu-
lent flow considering conjugate heat transfer.

As it is shown in the literature review, detailed studies of fluid
flow and conjugate heat transfer inside an enclosure with a semi-
transparent wall are scarce due to its complexity; therefore more
comprehensive studies are required. In this work we consider a de-
tailed study of fluid flow and heat transfer by turbulent natural
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convection and surface thermal radiation in a square cavity with a
semitransparent wall with and without a solar control film. The
objectives of this study are: to advance in the knowledge to obtain
the thermal parameters approaching the real size rooms and to
evaluate the thermal effect of using the semitransparent wall with
and without a solar control film on the airflow in the cavity. A Ray-
leigh number range from 10° to 10!2 was chosen for the heat trans-
fer study in a square cavity. The Rayleigh number is based on the
difference between the temperatures of the vertical walls, using
the inside average temperature of the semitransparent wall (T,).
Turbulent natural convection and surface thermal radiation equa-
tions were solved simultaneously using the finite volume method
and the net radiation method. The mathematical model considered
includes the surface thermal radiation among the four walls and
the heat transfer conduction through the semitransparent wall.
Flow and temperature patterns are discussed and values of the
Nusselt number as a function of the Rayleigh number are
presented.

2. Physical model and assumptions

The heat transfer and the fluid flow in a two-dimensional closed
square cavity of length L, was considered as it is shown in the sche-
matic diagram of Fig. 1. If the cavity is thought as a long cavity in
its third dimension normal to the paper, the two-dimensional
assumption can be valid. The thermal fluid was assumed to be
air in turbulent regime, initially at rest and with a uniform temper-
ature. The cavity is formed by two horizontal adiabatic walls, one
vertical isothermal wall and one semitransparent wall consisting
of glass and a solar control film adhered to the inside surface. On
the semitransparent wall an incoming normal uniform and con-
stant solar radiation flux (750 W/m?) is considered and two-
dimensional heat transfer by conduction is taken into account.
The assumption of top and bottom horizontal adiabatic walls is
an approach; we assumed that the average temperatures of the
top and lower rooms are nearly the same as the middle room, so
the heat flux can be considered zero. The isothermal wall is not
considered adiabatic; there may exit a thermal potential, because
the left room may have a controlled temperature.

The 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 thermal fluid
was considered radiatively non-participating (dry air) and the opa-
que and the semitransparent walls of the cavity were considered as
gray diffuse surfaces. It is well known that a glass reflects in a spec-
ular manner, but inside an enclosure there are multiple reflections
and the directionality of each reflection is lost considering the heat
fluxes in the boundaries. The optical properties considered are the
integrated solar spectrum values. It is known that the glass trans-
mittance and reflectance as a function of the solar incident angle is

G Pyl 1

T 3
& %.'_'_'_'_‘. :

I— L _|Lg|_

Fig. 1. Physical model of the square cavity with semitransparent wall.
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almost constant for angles less than 60°. The film solar control
coating selected is SnS-Cu,S.

3. Governing equations and boundary conditions
3.1. Turbulent natural-convection model
The steady state conservation equations governing the trans-

port of mass, momentum and energy in primitive variables of an
incompressible fluid, are expressed as

apui) _
Tox O M
dpww;) P 0 [ u B B .
“ox = oo M, PUG) - pAT = Tole] 2)
opwT) 0 (40T —=

OXi a OXi (Cp OXi puiT) (3)

The above equations system is not complete because of the pres-
ence of the unknown Reynolds stress tensor (puju;) in the momen-
tum equation and the turbulent heat vector (pu;T’) in the energy
equation. In the eddy viscosity model (EVM) the Reynolds stress
tensor is modeled through the Boussinesq hypothesis as

ou;  ou 2
PUL; = — 14, (— + 8_xj> +35pkoy (4)

The high Reynolds number model (HRN) establishes that the turbu-
lent viscosity () can be obtained as

K
=2 (5)

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

T . OT

pul = - % (6)
where o7 is the turbulent Prandtl number and §; is the Kronecker
delta. The turbulent viscosity can be related with the turbulent ki-
netic energy (x) and the turbulent dissipation of kinetic energy (&)
through the empiric equation of Kolmorogov-Prandtl (Pope,
2000). The turbulent kinetic energy and the turbulent dissipation
of kinetic energy can be obtained using its corresponding transport
equation:

o(puik) _ 0 K'u + 'uf> E)k} + Py + G — pe (7

O0X; OXi ox) O.

olpue) 0 [( 1 e
i) _ 2 {(;H %)+ uco - capay @

where P, and Gy, are the production of turbulent kinetic energy by
shearing and the generation/destruction by buoyancy.

The mathematical boundary conditions for the fluid domain are
as follow:

Momentum boundary conditions:

u0,y) = u(l,y) =

u(x,0)=u(x,H)=0
v(0,y) = (L.y) = 0 ©
v(x,0) = v(x,H) =0

Energy boundary conditions:

Bottom wall : q.pnpq + Gragq =0 (10)
Isothermal vertical wall : T(0,y) = T, (11)
Upper wall : Geonv-3 + Qrad-3 = 0 (12>
Semitransparent vertical wall : Ggps + Geong-g-a = Geonv-4 + Trad-a
(13)



240 J. Xamdn et al. / International Journal of Heat and Fluid Flow 30 (2009) 237-248

where qeonv-1, Geonv-3 aNd Geonv-4 are the convection heat transfer
fluxes from the inside surface to the adjacent fluid on walls 1, 3
and 4, respectively. The terms qrqd-1, Grad-3 and qrqq.4 are the net
radiative heat transfer fluxes at walls 1, 3 and 4. The term qg;s is
the thermal energy that is absorbed by the solar control film of
the glazing. Finally, qcongg-4 is the heat flux by heat conduction
through the semitransparent wall.

The boundary conditions and coefficient values for k-¢ turbu-
lence model are: ky, =0.0, &, =00, C;,=0.09, C;,=1.44, C5,=1.92,
or=1.0, 0. =1.3 and C3, = tanh |v/u| (Henkes et al., 1991).

3.2. Conduction model of the semitransparent wall

In order to obtain the temperature profile inside the semitrans-
parent wall formed by glass (L, =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 (qcond—g—4)-

The heat transfer conduction equation for the differential ele-
ment of the semitransparent wall is given by:

0 (g OTg 1 do
Sl o .
where @ is the attenuation energy function by absorption and scat-

Cpg dx
tering, which depends on the extinction coefficient (s,) as follows
(Modest, 1993):

O(x) = Gexp[—sg(Lg —X)] (15)

The outside boundary condition for the semitransparent wall at
(x=L+Lg) can be expressed as
aT,
a_)f = hext[Tg -
where Ty is the external surroundings temperature. The film thick-
ness (~6 pm) was considered negligible with regard to the glass
thickness (6 mm). In order to obtain the film temperature (Ty) at
(x=1L), the following energy balance at the film was carried out:

, 0T, aT

% TG = —hg gt gyt s (17)

where Ty=Tg(0,y).

g Te] + 08Ty — Tay] (16)

ext

3.3. Radiation model

The net radiative method was used to calculate the resulting
heat fluxes from the radiative exchange (Modest, 1993). The ther-
mal radiative exchange between the cavity surfaces is shown in
Fig. 2, using two differential areas on surfaces 1 and 2. The cavity
surfaces are assumed opaque and diffuse except for the vertical
right wall which is a semitransparent wall.

The radiative heat transfer from a surface is defined as the dif-
ference between the outgoing thermal radiation (radiosity) and the
incoming thermal radiation (irradiance). Therefore making an en-
ergy balance over the differential element dAy, located in r posi-
tion on wall 1 (Fig. 2), we can obtain the resulting heat radiative
flux for wall 1:

Graa1 (X1) = Go, (X1) — G;, (X1) (18)
Because radiosity is defined for a diffuse opaque surface as the sum
of emitted energy and reflected energy, which can be formulated as
Qo (1) = £10T1(x1) + pig;, (%1) (19)

The irradiance is defined as the sum of energy fractions outgoing
from cavity surfaces differential elements that arrives to the ana-
lyzed surface. The irradiance mathematical formulation for a sur-
face element i on wall 1 is given by:

3
dA . y
S---o__ ’
+ TTTee-al_ X
2 | 4
'k 1’
1
1
1
1
qi, k 1
" 9o, k
!
1
1
=
! T dA,
9rad, 'k
Fig. 2. Radiative balances in differential areas.
m .
0,00 = [ 0y (%)dFun-an (20)
j=1 J

where the summation over the jth surface element is to be taken for
those elements over the boundary for which i interacts radiatively,
q;, (x1) is the incoming thermal radiation over the differential ele-
ment i on wall 1, x; is the element position on wall 1, 4o, (X)) is
the radiosity of cavity surfaces differential elements and dFas, as,
is the corresponding differential view factor. The view factors equa-
tions for the same configuration are reported by Alvarez and Estra-
da (2000). Therefore, substituting Eq. (20) into Eq. (19) together
with the corresponding view factor equation, gives the radiosity
equation for wall 1:

H
-, o o, (V2)X1Y,
qol(xl)31O'T1(X1)+{ A (X% +y%)3/2 2

2
L 2 H
9o, (x3)H o, Va)(L —X1)y
+/ . 03( 3) . 3/2dX3+/ 024( 4)( ;)3;12(1_}14
o (H"+ ;s —x1)) o Y3+ (@L—-x)7)
(21)

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

3.4. Thermal parameters

The Nusselt number is defined as the ratio between the convec-
tive or radiative heat transfer and the pure conduction heat trans-
fer (Oosthuizen and Naylor, 1999), then:

q if q= { Qeons = Nucony (22)
Geond qrad = Nurad

Nu =

where the conductive heat transfer through the system is given by
Geona = +a(Ta — T2) /L, the convective heat transfer from surface 4 to
the internal fluid can be calculated as q,,,, = h(T4 — T2) = A2k, and
(raq 1S the net radiative heat transfer from surface 4.

A total Nusselt number was defined to consider the total heat

transfer (including convection and radiation) as
Nutoml = Nuconv + Nurad (23)

A standard parameter used to describe the thermal behavior of win-
dows formed with glass sheets and exposed to solar radiation is the
solar heat gain coefficient (SHGC). The SHGC coefficient is defined as
the ratio of the sum of transmitted direct solar energy and transmit-
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ted heat transfer trough the window and the incident solar energy,
in mathematical form (ASHRAE Handbook Fundamentals, 2005):

[qint + T*G] (glass—+film)
G

where, 7'G is the direct solar energy transmitted through the glaz-

ing, G is the incident solar energy at the outside of the glazing

and g, is the convective and radiative heat flux toward the interior

from the glazing, which is expressed as

Qint = Qeony + Araa (25)

SHGC = (24)

4. Numerical algorithm
4.1. Discretization

The governing equations of the convective and conductive mod-
el described above are numerically solved using the finite volume
method (Patankar, 1980). In order to implement the numerical
algorithm, the governing equations can be represented by the fol-
lowing general equation of convection-diffusion:

P 0 (.06
o () *@(F@) +s, (26)

The integration of Eq. (26) over the corresponding finite volume and
substitution of every term by discrete values of ¢ in the nodal
points gives the following algebraic equation for every nodal point:

adp = Y awiyy' +D" 27)
nb=EONS

1.0 4 wme

0.8 1

0.6 1

0.4 -

0.2

0.0 1

T T T T T T T T T
-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10
u (m/s)

335

330 + 71x61
o 81x71
x 91x81
320 4 —— 101x91
315

325

304 0300 40 NEPVVIT-VPY

310 A o

T(K)

305 -
300 -
295 -

290 T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

X

where n is the iteration number, nb are the neighbor coefficients, b
is the source term and ¢ represents the discrete value of dependent
variable of the control volume.

The position of the nodes of a grid is calculated using a stretch-
ing 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). The convective terms are discretized applying
the hybrid scheme and the diffusive terms with the central differ-
ence scheme (low order scheme). The coupling between the
momentum and continuity equations is made with the SIMPLEC
algorithm (Van Doormaal and Raithby, 1984). The algebraic equa-
tions system obtained with Eq. (27) is solved applying the line by
line method (LBL) with alternating direction implicit scheme
(ADI). Furthermore under-relaxation is introduced using the false
transient strategy (Mallison and de Vahl Davis, 1973). If the values
in the mass balance for every control volume as well as the residual
values of the different equations are sufficiently low, overall con-
vergence is obtained (typically 1071°). The above convergence cri-
terion assures an acceptable solution. A radiative balance at the
walls is solved using an iterative approach in order to couple tur-
bulent natural convection to surface thermal radiation effect at
the boundaries. The view factors between the elements were
determined by using the equations reported by Alvarez and Estra-
da (2000). The radiosity equations were solved by Simpson'’s rule.

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, #, T,. . .,€) in the cavity were given. (2) Egs. (18)-
(20) were computed for each wall in order to get the local radiative
heat flux on the walls (qrad-1, Grad-3 and Graq-4). (3) The conductive

0.5
0.4 4
0.3 4
0.2 4
0.1 4

0.0 |

0.1 ]

0.2 ] ¢ 71x61

-0.3 o 81x71
x 91x81

04 ——101x91

-0.5

v (m/s)

0.009
0.008 -
0.007
0.006 -

0.005 -
0.004 -
0.003 -
0.002 -

u, (kg/m.s)

0.0 0.2 0.4 0.6 0.8 1.0
0.001 A

X
0.000 - A

71x61
81x71
91x81
101x91

-0.001 T 1

0.0 0.2 0.4

0.6 0.8 1.0

X

Fig. 3. Velocity components, temperature and turbulent viscosity for different grids at the center of the cavity.



242 J. Xamdn et al. / International Journal of Heat and Fluid Flow 30 (2009) 237-248

model to obtain cong-¢-4 Was solved. (4) The pressure-velocity (u, v,
p) were calculated by the SIMPLEC algorithm. (5) With the new cal-
culated values of local radiative heat flux and velocity, the temper-
ature (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 re-
peated iteratively until the convergence criterion was achieved.

The accuracy of the numerical results was verified through
numerous tests based on the grid size effect. The grid indepen-
dence study was carried out for the largest cavity (6.98 m). The
function used to generate the computational nodes in both direc-
tions “x” and “y” is presented below, where z, is the stretching fac-
tor. On every computational run z, had a value of 3.0, so for
L=6.98m the first computation node was obtained at x; =
0.0014190 m, and for L =0.70 m the first node was to be at x; =
0.0001419 m.

£{1 . 1anh[2z, (i/imax — 1/2)}}

Xi=3 tanh(zy)

Fig. 3 shows the velocity components (u, v), temperature (T) and
turbulent viscosity (u,) at the center of the cavity for different
numerical grids. As we can see, there are minimum differences.
Table 1 presents the effect that the numerical meshes have on
the average convective and radiative Nusselt number for
Ra=10'2 It can be seen that for a 91 x 81 mesh differences are
lower than 1%. Therefore, a 91 x 81 grid was used for all cases con-
sidered herein. The discretization for the glass wall (6 mm) was al-
ways 10 nodes in the horizontal direction for all the meshes.

4.2. Validation of the numerical code

In order to validate the developed numerical code, two different
turbulent convection problems are considered: (a) turbulent natu-
ral convection in a differentially heated square cavity and (b) tur-
bulent natural convection with surface thermal radiation in a
differentially heated square cavity. The comparison results are pre-
sented next.

4.2.1. Turbulent natural convection

The validation of the program was performed by comparing the
numerical predictions with the experimental results for turbulent
natural convection in a rectangular cavity by Ampofo and Karay-
iannis, 2003. The dimensions of the cavity were 0.75 m high,
0.75 m wide and 1.5 m deep. The hot and cold vertical walls of
the cavity were isothermal at 50 and 10 °C respectively giving a
Rayleigh number of 1.58 x 10°. Other walls were insulated. The lo-
cal velocity and temperature were simultaneously measured at dif-
ferent locations in the cavity using a laser Doppler anemometer
(LDA) and a micro-diameter thermocouple.

Fig. 4 shows a comparison between the predicted and mea-
sured dimensionless vertical velocity and temperature profiles at
the cavity mid-height. As observed in the figure, the predicted
velocity profile agrees closely with the measured results. The pre-
dicted air temperature is also in excellent agreement with the

a 025

0.20 A
0.15 * Experiment

—— This work
0.10 o

0.05 +
"~ 0.00 .

-0.05 ]
-0.10 ]
-0.15 ]
-0.20 ]

-0.25 T T T T T T T T T T T
0.0 0.2 04 0.6 0.8 1.0

1.0 1
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0.8 —— This work

0.6

0.4 4

0.2 4

0.0 4

0.0 0.2 0.4 0.6 0.8 1.0

X

Fig. 4. Comparison of predicted and measured dimensionless (a) vertical velocity
and (b) air temperature at the cavity mid-height.

measurement. It is observed that the experimental result (temper-
ature) is not symmetrical at y" = 0.5.

Table 2 compares the present prediction of local Nusselt num-
bers with the experimental results reported by Ampofo and
Karayiannis (2003). The local Nusselt numbers were calculated
for the hot wall of the cavity. It is observed that the present predic-
tions had a maximum absolute difference of 26.31%, this is near to
the hot wall. This may occur due the lack of capacity to model tur-

Table 2
Comparison of present solution of local Nusselt numbers against those reported by
Ampofo and Karayiannis (2003).

Table 1

Average convective and radiative Nusselt numbers and its percentage difference for
different numerical grids.

Grid Nucony % difference Nuyaq % difference
61 x 51 775.26 521.99

71 x 61 817.34 5.15 519.33 051

81 x 71 832.18 1.78 518.65 0.13"

91 x 81 833.20 0.12° 518.93 0.05"

101 x 91 833.92 0.09" 518.98 0.01°

Note. "Absolute difference in %.

y Ampofo et al. This work Absolute difference (%)
Experimental results Numerical results
0.02 136.00 171.78 26.31
0.0493 122.00 136.60 11.96
0.1000 95.00 110.94 16.78
0.2000 84.00 86.22 2.64
0.3000 72.00 72.70 0.97
0.4000 65.00 70.53 8.51
0.5000 58.00 69.82 20.37
0.6000 52.00 64.11 23.29
0.7000 47.00 55.78 18.67
0.8000 40.00 45.04 12.61
0.9000 36.00 32.74 9.06
0.9493 28.00 25.28 9.72
0.9867 17.00 13.29 21.81
Nugye 65.54 73.45 12.07
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bulent heat flux with the k-& model, where the turbulent Prandtl
number would not be constant close to the walls.

In the last line of the table, it is shown the comparison of the
average Nusselt numbers; here the absolute difference is 12.07%,
which can be considered the error of the turbulent model.

4.2.2. Turbulent natural convection and surface thermal radiation
The other selected problem to validate the numerical code was
the conjugate heat transfer by turbulent natural convection and
surface thermal radiation in a square cavity with differentially
heated vertical walls, reported by Velusamy et al. (2001). The com-
parison was made with the following two cases: case 1 (the walls
have an emissivity equal to 0.9, Ty=328K, Tc=318K and
Ra=10"") and case 2 (the walls have an emissivity equal to 0.9,
Ty =348 K, Tc=298 K and Ra=10""). Table 3 shows the results
for both cases in terms of the average Nusselt numbers (convective
(conv), radiative (rad) and total (total)) in the hot (h) and cold (c)
walls. The maximum and minimum percentage differences ob-
served for case 1 are 3.14% for Nuc_cony and 0.11% for Nuy,_,qq, respec-
tively. In case 2, the maximum percentage difference observed is
3.29% for Nuccom and the minimum percentage difference is
0.10% for Nup_;qq. However, the percentage differences for the aver-
age total Nusselt numbers are 0.78% and 1.15% for case 1 and case
2, respectively. The observed differences for the average convective
and radiative Nusselt numbers can be attributed to the stretching
factor of the computational mesh used in the calculations. It is con-
venient to say that the convective Nusselt numbers are more sen-
sitive to the grid size than to the radiative Nusselt numbers. On
Fig. 5, turbulent viscosity with and without radiative exchange
for case 1 is shown. From this figure it can be observed that, when
radiation is taken into account, the turbulence level is higher com-
pared to the case when only convection is considered. Turbulence
effects also show up over the horizontal walls, where a very thick

Table 3
Comparison of the present study with reported results by Velusamy et al. (2001) for
the natural convection and radiation in a square cavity.

Case 1 Case 2

Velusamy et al.  This work® Velusamy et al.  This work®

Nupcony  334.90 34522 (3.08%) 326.03 336.30 (3.15%)
Niccony 33934 349.98 (3.14%)  344.57 355.89 (3.29%)
Nuprag  873.58 872.66 (0.11%) 523.06 522.52 (0.10%)
Nttraa 869.14 867.52 (0.19%) 504.52 502.89 (0.32%)
Nupm 12085 1217.88 (0.78%)  849.09 858.82 (1.15%)

2 The values among parenthesis are percentage absolute differences.

layer about 15% of the cavity height is formed; these effects make
the velocity levels get higher, so does the boundary layer for the
case when the radiative effect is taken into account.

From the above comparisons results, we considered our numer-
ical code sufficiently tested.

5. Results and discussion

The parameters used to obtain the conjugate heat transfer re-
sults for the square cavity with a semitransparent wall using a so-
lar control film are described next. The cavity lengths considered in
this work are: 698 m (Ra=10'%), 3.24m (Ra=10'"), 1.50m
(Ra=10"'") and 0.70 m (Ra =10°). The Rayleigh number is based
on the temperature difference between the vertical walls, using
the mean temperature for the semitransparent wall with solar con-
trol coating. The solar radiation incoming in a normal direction
over the semitransparent wall has a constant value of G =750 W/
m?. The glass thickness was 6 mm with a selective coating film
of SnS-Cu,S whose properties were reported by Nair and Nair
(1991) and are shown in Table 4. The isothermal wall temperature
was taken as 21 °C (294 K). The external conditions around the
semitransparent wall are: the external convection coefficient has
a constant value of 6.8 W/m?K corresponding to an air velocity
of 3 m/s and the ambient temperature has a fixed temperature of
35 °C (308 K) (warm climates). The emissivity of the semitranspar-
ent wall without the solar control film was 0.85 and when the solar
control film is considered the emissivity diminishes to 0.4. The
remaining walls have an emissivity equal to 0.9.

A description of the streamlines, isotherms and turbulent vis-
cosity distributions for cases A (SCC) and B (WSCC) is presented
only for a cavity with length equal to 6.98 m (corresponding to
the upper limit of Ra considered in this study) but the heat transfer
parameters are presented for every length considered in this work.

Table 4
Optical and thermophysical properties of glass and SnS-Cu,S solar control coating.

Glass (6 mm) Film (SnS-Cu,S) (Glass-film)

% =0.14 A'=064 %o = o + 07 = 0.69

7, =078 T'=0.20 Thyse = 1 — oty — Pl = 0.15
pg =0.08 R =0.16 Pl =R7/100=0.16

& =085 & =040

Jg=14W/mK o = (1—0z)A’/100 = 0.55

Cpg=750]/kgK

Tf = Tg /Ty = 0.19
pg=2500 kg/m>

sisi

pr=1-1-0;=026

oV

0.

QV

(a) without radiation

(b) with radiation

Fig. 5. Dimensionless turbulent viscosity (u/u): (a) turbulent natural convection and (b) turbulent natural convection-surface thermal radiation.
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5.1. Streamlines, isotherms and turbulent viscosity patterns results

In Fig. 6, the streamlines (top), isotherms (middle) and turbu-
lent viscosity (bottom) distributions are presented for case A, glaz-
ing with solar control coating (SCC) and case B, glazing without
solar control coating (WSCC). The streamlines show, in both cases
A and B, a counterclockwise air movement from semitransparent
wall (right) to isothermal wall (left). The flow pattern is caused

0.0953

H (m)

H (m)

H (m)

L (m)
Case A

by the heat transferred to the adjacent air of the semitransparent
wall, increasing its temperature and forming an ascending motion
impelled by the buoyancy force. In both cases, at the center of the
cavity, the streamlines are horizontal, indicating fluid stratifica-
tion, but at the boundaries adjacent to the adiabatic walls there
are significant differences. At the top of the adiabatic wall the
spaces between the streamlines are different for cases A and B.
For case A the streamlines are closer between them, thus indicating

L (m)
Case B

Fig. 6. Streamlines (m?/s), isotherms (K), and turbulent viscosity (m?/s) for case A and case B.
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higher buoyancy forces, contrary to case B, and at the bottom of the
adiabatic wall it is the opposite; the spaces between the stream-
lines at the bottom are closer for case B, contrary to case A. Also,
for case A, the streamline vortex is at top of the cavity contrary
to case B, which is at the bottom of the cavity. Thus, we can see that
the effect of solar control coating attached to glass changes the
movement of air inside the cavity.

The isotherm distributions for cases A and B (cavities shown at
the middle of Fig. 6) present stratification about 60% of the cavity.
As we can see, the temperature values are higher for case A than for
case B. Comparing the difference of temperature values of the iso-
therms for cases A and B close to the bottom and at the top, we can
find that the difference increases as the height of the cavity in-
creases, from 4.5 °C at the bottom to 8.5 °C at the top. The explana-
tion of the increase of temperatures in case A compared to case B
shall be given further on.

The turbulence viscosity distribution (cavities shown at the bot-
tom of Fig. 6) indicates that the higher turbulent levels are close to
the boundaries of the vertical walls for both cases. For case A, high-
er turbulence levels show at the upper wall of the cavity (y > 6.0 m)
and lower values are at the lower wall. On the contrary, for case B
higher turbulence levels can be seen at the lower wall of the cavity
(¥ <0.95 m) compared to the ones at the upper wall, where turbu-
lence viscosity is almost negligible; this explains the vortex flow at
the top of the cavity in case A and at the bottom in case B.

In Fig. 7, the temperature distribution of the inside and outside
surfaces of the semitransparent wall is shown for both cases. For
case A, the temperature values at the inside surface are higher,

1.04

0.8

0.6

0.4+

0.2+

0.0

since the solar control film coating is adhered on glass, it absorbs
55% of solar energy (of =0.55) against the clear glass
(of; = 0.14), which absorbs 14%. For case B, the outside surface
temperatures of the glass are slightly higher than those of the in-
side surface of the glass. The temperature difference between the
top and the bottom of the vertical semitransparent wall for case
A was nearly 6 °C and for case B was 2 °C. The average temperature
difference between the inside and outside surfaces of the semi-
transparent wall for case A was around 1.07 °C and for case B
was 0.04 °C. For case A, the inside average temperature on the
semitransparent wall was 59 °C and for case B was 38.5°C. It
was reported from Xaman and Alvarez (2006) that for the same
conditions, but without the radiative exchange between surfaces
in the cavity, the inside average temperature for the semitranspar-
ent wall with solar control film coating was 64 °C and for the plain
semitransparent wall was 40 °C. Thus, if we include the radiative
exchange between walls the temperatures of the film coating
and the plain glass change. Also, it can be seen that the strong var-
iation of the temperature (~3 °C) at the upper side of the semi-
transparent wall for case A (y'>0.9) contributes to the vortex
that appears at the top of the cavity (see streamlines in Fig. 6). Sim-
ilarly for case B, the interior temperature variation (~1 °C) at the
lower side of the semitransparent wall (y < 0.1) contributes to
the vortex that makes the inside fluid at the lower region of the
cavity to form recirculation.

In Fig. 8, the local convective, radiative and total heat transfer
fluxes going to the inside of the cavity from the semitransparent
wall with SCC (case A) and WSCC (case B) walls are presented.
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Fig. 7. Interior and exterior temperatures of the semitransparent wall with solar control coating (SCC) and without solar control coating (WSCC).
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Fig. 8. Local convective, radiative and total heat fluxes distribution from the SCC
and WSCC walls to the interior cavity.

For case A, the convective heat transfer fluxes are higher than the
radiative heat transfer fluxes, but for case B, the difference between
the convective and radiative heat fluxes diminishes. Particularly for
case B, the convective heat transfer flux is higher until y" ~ 0.75
compared to the radiative heat flux. The solar control film coating
temperatures of the semitransparent wall causes an increase of the
convective and radiative heat fluxes. The average heat flux going
inside the cavity by natural convection and surface thermal radia-
tion is 217.65% higher for case A than that of case B.

In Table 5, the average heat transfer fluxes and the solar heat
gain coefficient (SHGC) of semitransparent wall for cases A and B
are presented. The used nomenclature is as follow: g, = transmit-
ted heat flux through the semitransparent wall toward the interior
of the cavity, g, = absorbed heat flux by the semitransparent wall,
q, = reflected heat flux to cavity outside, gj,, = inside heat flux by
natural convection and thermal radiation from the semitranspar-
ent wall to the cavity, g, = outside heat flux by natural convection
and thermal radiation from the semitransparent wall toward the
outside of the cavity, gix + q. = inside total heat flux, o, + q, = out-
side total heat flux and g;.q = net heat flux. A total energy balance
was carried out, where a difference of 0.026% was obtained for case
A and 0.036% for case B, showing in consequence that the energy
balance was archived. As we can see, the SHGC calculated by Eq.
(24) for case B is higher (86.17%) than case A (44.19%). This indi-

cates that from the 100% of the solar energy that strikes the glaz-
ing, only 44.19% of the total heat flux goes through the glass
with SnS-Cu,S solar control film coating, while 86.17% goes
through the plain glass. Thus, for the glazing with SnS-Cu,S solar
control coating, the energy gains toward the interior decreases
by 41.98%. These results will allow us to look to the advantage of
solar control film coatings on glazing.

From Table 5, we also can see that the total heat flux inside the
cavity for case A (331.44 W/m?), is lower than for case B (646.24 W/
m?). Nevertheless, for case A, even though the total heat flux is low-
er; higher air temperature inside the cavity is reached. The result
above-mentioned is explained as follow: from the total heat flux
of 331.44 W/m? going into the cavity, only 137.29 W/m? (q.) hits
directly on the isothermal wall (cold wall), since the absorptance
is o" = 0.90, this wall absorbs 90% (123.56 W/m?) of the direct radi-
ative energy; so the effective energy going into the cavity for case A
is: Qine + (¢, — *q;) = 194.15 + 13.73 = 207.88 W/m?. Likewise,
the effective energy inside the cavity for case B is: @, +
(q; —o*q,) = 61.12 +58.61 = 119.73 W/m?. For this reason, be-
cause the 0.9 absorptance of the isothermal wall, the energy contri-
bution going inside the cavity with a solar control film coating
semitransparent wall is apparently higher.

10000

=T case A (SCC)

1000

Nu

100 L
—— Convective E
®  Radiative
---e---Total
10 TR
1E9 1E10 1E11 1E12 1E13
Ra
10000 T
1 Case B (WSCC)
1000
S =
= 7
100
—— Convective
m  Radiative {{}i
---e---Total
10 I AT
1E9 1E10 1E11 1E12 1E13
Ra

Fig. 9. Average convective, radiative and total Nusselt number for the case A and B
for 10° < Ra < 102

Table 5

Average heat fluxes (W/m?) for cases A and B.

Case q o q;; Qint out Qint *+ G Gour * q;y Geotal G SHGC (%)
A 137.29 492.49 120 194.15 298.36 331.44 418.36 749.80 750 44.19

B 585.12 104.61 60 61.12 43.49 646.24 103.49 749.73 750 86.17
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Table 6
Comparison between the present study (cases A and B) and the reported results by Velusamy et al. (2001).
Ra Numnv Numd Nutoml

[Ref.] Case A Case B [Ref.] Case A Case B [Ref.] Case A Case B

10%° 69.04 80.21 (16.19%) 47.87 (30.66%) 112.39 51.54 (54.14%) 47.07 (58.12%) 181.43 131.75 (27.38%) 94.94 (47.67%)
10'° 151.28 170.29 (12.57%) 102.94 (31.95%) 242.68 111.69 (53.98%) 101.00 (58.38%) 393.96 281.98 (28.42%) 203.94 (48.23%)
10" 326.03 364.71 (11.86%)  222.71 (31.69%) 523.06 241.80 (53.77%)  216.68 (58.57%) 849.09 606.51 (28.57%)  439.39 (48.25%)
1012 726.07 833.19 (14.75%) 510.61 (29.67%) 112820  518.93 (54.00%)  461.90 (59.06%) 1854.30 1352.12 (27.08%)  972.51 (47.55%)

Note. The values in () are the absolute difference in %.

5.2. Nusselt number results

Fig. 9 shows the average convective, radiative and total Nusselt
numbers as a function of Rayleigh Number for cases A and B. For
case A, the average radiative contribution to total Nusselt number
is about 39%, while for case B it’s about 50%, hence demonstrating
the importance of considering the surface thermal radiation in this
problem.

Using least square regression, a set of correlations for the aver-
age Nusselt number for cases A and B for 10° <Ra<10'? are
introduced:

Case A
Nucon, = 0.0716Ra’**® s
Nuygg = 0.0505Ra"**** 2
Nilgorat = 0.1219Ra®***° >
Case B
Nugon, = 0.0395Ra’**1° .
Nutyoq = 0.0498Ra®*" o
Nuora = 0.0884Rq°336° >

The above Nusselt number correlations show a maximum percent-
age difference of 1.3% (case A) and 1.2% (case B) against the numer-
ical results.

Additionally, the convective and radiative Nusselt number re-
sults for both cases, A and B were compared to the ones presented
by Velusamy et al. (2001) (Table 6). This author’s results are for a
differentially heated squared cavity problem, in which natural con-
vection and radiative exchange between surfaces was considered
for a temperature difference between vertical walls of 50 K and
walls emissivity of 0.9. From this table, it can be observed that con-
vective Nusselt number for the cavity with a semitransparent wall
with SCC (case A) is higher compared to the convective Nusselt
number of Velusamy et al.,, where the maximum difference is
16.19%, whereas for case B, the convective Nusselt number is low-
er, with a maximum difference of 31.95%. The radiative Nusselt
numbers for both cases A and B are lower than the ones reported
by Velusamy et al. (2001).

Summarizing, for cases A and B, the maximum difference of the
total Nusselt number reported from Velusamy et al. was 28.57% and
48.25%, respectively. The reason for these differences is the temper-
ature distribution of the semitransparent wall for cases A and B.

6. Conclusions

This paper presents a numerical study of the conjugate heat
transfer (natural convection, surface thermal radiation and con-
duction) in a square cavity with turbulent flow. The cavity has
one vertical isothermal wall, two horizontal adiabatic walls and
one vertical semitransparent wall with a SnS-Cu,S solar control
film coating applied to control the solar radiation transmission.

The numerical code was verified and validated by reducing it to
cases previously reported in the literature, obtaining a good
agreement.

By using the solar control film coating on the semitransparent
wall, the total heat flux was reduced from 646.24 (case B) to
331.44 W/m? (case A), 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). On the
other hand, for case A, the solar heat gain coefficient (SHGC)
was 44.19% and for case B was 86.17%, a decrease of 41.98%
was obtained.

Also Nusselt number correlations as a function of Rayleigh
number are presented for the studied cavities (case A and case
B). These correlations can be applied to determine the combined
convective and radiative Nusselt number coefficients separately
and the heat fluxes in cavities. Furthermore, these correlations
may be used to provide information to commercial software as
DOE-2 or TRNSYS, in order to determine the average thermal loads
in rooms.

Finally, the developed two-dimensional numerical model of
conjugate turbulent heat transfer in a cavity with semitransparent
wall was capable of studying in detail the fluid flow and heat trans-
fer 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.

In the near future, a parametric study will be needed in order to
provide more information about other type of film coatings.
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