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Abstract

A two-dimensional numerical study of combined heat transfer (laminar and turbulent natural convection, surface thermal radiation and conduc-
tion) in a square cavity with a glass wall is presented. The cavity is modeled as one vertical isothermal wall, two horizontal adiabatic walls and
one vertical glass wall. Numerical results in the cavity are obtained by means of a control volume approach where the conditions are set as: 21 ◦C
uniform temperature in the isothermal wall, 35 ◦C outside ambient temperature and 750 W/m2 constant direct normal solar irradiation over the
glass wall. The Rayleigh number was varied between the range 103 � Ra � 1012. Results show that the flow pattern is not symmetric due to the
combined effect of non-isothermal glass wall and radiative exchange inside the cavity. A correlation for the total Nusselt number was obtained for
both laminar and turbulent flow considering conjugate heat transfer.
© 2008 Elsevier Masson SAS. All rights reserved.

Keywords: Combined heat transfer; Turbulent natural convection; Radiative exchange
1. Introduction

Due to its many engineering applications and the impact on
flow structure and heat transfer processes in double pane win-
dows, solar collectors, building insulation, ovens and rooms,
natural convection inside enclosures has been a very important
research topic. Previous studies on laminar and turbulent natu-
ral convection in a rectangular enclosure were mainly focused
on flow and heat transfer inside the fluid region with tempera-
ture gradient [1–6]. Nevertheless, they were carried out neglect-
ing radiation heat transfer, despite the fact this phenomenon
occurs in numerous engineering applications such as environ-
ment inside buildings. Many studies on laminar and turbulent
natural convection heat transfer in a rectangular enclosure are
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carried out including radiation [7–11]. On the other hand, very
few studies deal with the effect that a semitransparent wall in
a cavity has over conjugate natural convection and radiation.
Behnia et al. [12] consider a cavity with one glass sheet wall;
numerical results are presented for a variety of Rayleigh num-
bers in the range 104 < Ra < 3 × 105. Behnia et al. conclude
that in general terms, the external convection weakens the in-
ternal circulation, radiation strengthens it, and in combination
the overall effect is a strengthening of the internal circulation.
Kwon et al. [13] present a numerical study of combined lami-
nar 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, those for solar radiation
are higher than those for surface radiation and pure natural
convection. Álvarez et al. [14] publish results of a transient
computational model for combined laminar natural convection,
conduction and radiation in a square cavity. The cavity is mod-
eled with a vertical glass wall with film coating. Results show
that there is a diminished convective regime due to the influ-
ence of the radiative exchange. The authors show that the total
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Nomenclature

dFdAj –dAk
view factor between elements j–k

Cp specific heat . . . . . . . . . . . . . . . . . . . . . . . . J kg−1 K−1

C1ε , C2ε , C3ε , Cμ constants of the turbulence model
g∗ gravitational acceleration . . . . . . . . . . . . 9.81 m s−2

G solar radiation . . . . . . . . . . . . . . . . . . . . . . . . . W m−2

Gk buoyancy production/destruction of kinetic energy
hext convective heat transfer coefficient at the outside

glass wall . . . . . . . . . . . . . . . . . . . . . . . . . W m−2 K−1

H height of the cavity . . . . . . . . . . . . . . . . . . . . . . . . . . m
L thickness of the glass . . . . . . . . . . . . . . . . . . . . . . . . m
Nu Nusselt number
P pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
PK turbulence kinetic energy production
Pr Prandtl number (ν/α)
q heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W m−2

Ra Rayleigh number (g∗β�T H 3/να)
sg extinction coefficient . . . . . . . . . . . . . . . . . . . . . . m−1

T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
T ∗ dimensionless temperature (T − T2/Tg−max − T2)
T2 cold wall temperature . . . . . . . . . . . . . . . . . . . . . . . . K
T4 average temperature of the glass wall . . . . . . . . . . K
T0 reference temperature [(T4 + T2)/2] . . . . . . . . . . K
u, v dimensional horizontal and vertical

velocities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m s−1

uref reference velocity (g∗β(Tg-max − T2)H)1/2 m s−1

u∗, v∗ dimensionless horizontal and vertical velocities,
u/uref, v/uref

W length of the cavity . . . . . . . . . . . . . . . . . . . . . . . . . . m
x, y dimensional coordinates . . . . . . . . . . . . . . . . . . . . . m

x∗, y∗ dimensionless coordinates, x/H , y/H

Greek symbols

α thermal diffusivity . . . . . . . . . . . . . . . . . . . . . . m2 s−1

α∗ absorptivity
β thermal expansion coefficient . . . . . . . . . . . . . . K−1

�T temperature difference (T4 − T2) . . . . . . . . . . . . . . K
ε rate of dissipation of κ . . . . . . . . . . . . . . . . . . m2 s−3

ε∗ emissivity
κ turbulence kinetic energy . . . . . . . . . . . . . . . . m2 s−2

λ thermal conductivity . . . . . . . . . . . . . . . W m−1 K−1

μt turbulent viscosity . . . . . . . . . . . . . . . . . . kg m−1 s−1

ν kinematic viscosity . . . . . . . . . . . . . . . . . . . . . m2 s−1

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−3

ρ∗ reflectivity
σ Stefan–Boltzmann constant,

5.670 × 10−8 . . . . . . . . . . . . . . . . . . . . . . W m−2 K−4

σT turbulent Prandtl number
τ ∗ transmissivity

Subscripts

a air
amb ambient
cond conductive
conv convective
g glass wall
in inlet
out outlet
rad radiative
total total quantities
energy transferred through the glass/solar control coating sys-
tem is lower than the one that uses clear glass. Recently, Xamán
et al. [15] determined the influence of the semitransparent glaz-
ing with and without SnS–CuxS solar control coating on turbu-
lent natural convection in a square cavity, where the effects of
surface thermal radiation are neglected. Results show that di-
rect solar energy transmittance of the semitransparent glazing
with film coating is much lower than the one without solar con-
trol coating, thus the total heat gain through the glazing with
solar control coating would be lower than the one without solar
control coating.

As it is shown in the literature review, detailed studies of
fluid flow and conjugate heat transfer inside an enclosure with
a glass wall are scarce due to its complexity, so more compre-
hensive studies are required. In this work we consider a detailed
study of fluid flow and heat transfer by laminar and turbulent
natural convection and surface thermal radiation in a square
cavity with a glass wall. A Rayleigh number range from 103

to 106 and 109 to 1012 were chosen for the heat transfer study in
square cavity. The Rayleigh number is based on the difference
of temperature between the vertical walls, using the mean tem-
perature for the glass wall (T4). Natural convection and surface
thermal radiation equations were solved simultaneously using
the finite volume method and the net radiation method. Flow
and temperature patterns are discussed and values of the Nus-
selt number as a function of the Rayleigh number are presented.

2. Physical and mathematical model

The square cavity (H = W ) is shown in Fig. 1. Two-
dimensional flow is considered taking into account that the
dimension in z direction is much longer than the other two. The
left surface of the cavity is an isothermal opaque wall at 21 ◦C
(T2 = 294 K); the top and bottom horizontal surfaces are con-
sidered adiabatic; the right surface is a glass conductive wall of
6 mm thickness. The incident solar radiation over the glass wall
is assumed to be normal at the surface with a constant value
of AM2 (G = 750 W/m2). The glass surface transmits, reflects
and absorbs normal solar radiation flux. Absorbed solar radia-
tion flux increases the glazing temperature and it is transferred
by conduction to the inside and outside of the cavity. The glass
wall as well as the opaque walls are considered gray, diffusive,
radiation reflecting and emitting surfaces. The air flow inside
the cavity is considered steady, radiatively non-participating in
both laminar and turbulent regimes (Pr = 0.71). The Boussi-
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Fig. 1. Schematic representation of square cavity problem for the conjugate heat transfer analysis.
Table 1
Cavity widths used in calculations

Ra W (m) Ra W (m)
(Laminar regime) (Turbulent regime)

103 6.98 × 10−3 109 6.98 × 10−1

104 1.50 × 10−2 1010 1.50
105 3.24 × 10−2 1011 3.24
106 6.98 × 10−2 1012 6.98

nesq approximation is assumed with constant thermophysical
properties and optical properties are the integrated spectrum
values. In order to obtain a higher Ra, the cavity dimensions
were increased. Table 1 shows the relationship between width
of the cavity and Ra, as Ra increases from 103 to 1012.

2.1. Turbulent natural convection model

The governing equations for turbulent natural convection in
the square cavity with a semitransparent wall are the average
equations of mass, momentum and energy. The equations are
expressed in tensor form as:

∂(ρui)

∂xi

= 0 (1)

∂(ρujui)

∂xj

= − ∂P

∂xi

+ ∂

∂xj

(
μ

∂ui

∂xj

− ρu′
iu

′
j

)

− ρβ(T − T0)g
∗
i (2)

∂(ρuiT )

∂xi

= ∂
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− ρu′
iT

′
)
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The above equations system is not complete because of the
presence of the Reynolds stress tensor (ρu′

iu
′
j ) in the momen-

tum equation and the turbulent heat vector (ρu′
iT

′) in the energy
equation. In the Eddy Viscosity Model (EVM) the Reynolds
stress tensor is modeled through the Boussinesq hypothesis as:

ρu′
iu

′
j = −μt

(
∂ui

∂xj

+ ∂uj

∂xi

)
+ 2

3
ρκδij (4)

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

μt = Cμ

ρκ2

(5)

ε

where Cμ is a constant. The turbulent heat vector is modeled as
follow

ρu′
iT

′ = − μt

σT

∂T

∂xi

(6)

where σT is the turbulent Prandtl number and δij is the Kro-
necker deltas. The turbulent kinetic energy and the turbulent
dissipation of kinetic energy can be obtained using its corre-
sponding transport equation:

∂(ρuiκ)

∂xi

= ∂

∂xi

[(
μ + μt

σκ

)
∂κ

∂xi

]
+ Pκ + Gκ − ρε (7)

∂(ρuiε)

∂xi

= ∂

∂xi

[(
μ + μt

σε

)
∂ε

∂xi

]

+ [
C1ε(Pκ + C3εGκ) − C2ερε

] ε

κ
(8)

where, Pκ and Gκ are the shearing production and the genera-
tion/destruction of buoyancy turbulent kinetic energy.

Velocity boundary conditions on the walls are zero and tem-
perature boundary conditions are set as: the adiabatic horizontal
walls (up and bottom), the left vertical wall is isotherm and
heat transfer by conduction is considered at the glass wall (right
wall), that is:

Bottom adiabatic wall (wall 1):

qcond-1 = −qrad-1 (9)

Isothermal vertical wall (wall 2):

T (0, y, t) = T2 (10)

Upper adiabatic wall (wall 3):

qcond-3 = −qrad-3 (11)

Glass vertical wall (wall 4):

qcond-g-4 = qcond-4 + qrad-4 (12)

Where qcond-1, qcond-3 and qcond-4 are the conduction heat trans-
fer fluxes from the inner surface to the adjacent fluid on walls 1,
3 and 4, respectively. The terms qrad-1, qrad-3 and qrad-4 are the
net radiative heat transfer fluxes over the walls 1, 3 and 4. Fi-
nally, qcond-g-4 is the heat flux by heat conduction through of
the glass wall.

The boundary conditions and constant values for κ − ε tur-
bulence model are: κw = 0.0, εw = ∞, Cμ = 0.09, C1ε = 1.44,
C2ε = 1.92, σκ = 1.0, σε = 1.3 and C3ε = tanh |v/u| [16].
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2.2. Conductive model of the glass wall

In order to obtain the temperature profile inside the glass
wall (L = 6 mm), a differential energy balance was carried out.
The model solution is used to determine the conductive heat
flux (qcond-g-4). The heat transfer equation for the differential
element of the glass wall is given by:

∂

∂x

[
λg

Cpg

∂Tg

∂x

]
+ ∂

∂y

[
λg

Cpg

∂Tg

∂y

]
+ 1

Cpg

dΘ

dx
= 0 (13)

where Θ is the attenuation energy function by absorption and
scattering, which depends of the extinction coefficient (sg) as
follow [17]:

Θ(x) = G exp
[−sg(L − x)

]
(14)

The boundary condition for the glass wall can be expressed as
(x = W + L):

−λg

∂Tg

∂x
= hext[Tg − Tamb] + σε∗

g

[
T 4

g − T 4
amb

]
(15)

where Tamb is the outside ambient temperature. In order to ob-
tain the internal glass temperature (Tg), the following energy
balance was carried out (x = W ):

λg

∂Tg

∂x
= λa

∂T

∂x
+ qrad-4 (16)

The boundary conditions are adiabatic for the horizontal walls.

2.3. Radiative model

The net radiative method was used to calculate the resulting
heat fluxes from the radiative exchange in the cavity [17]. The
cavity surfaces are assumed to be opaque and diffuse except the
vertical right wall which is a transparent wall. The radiative heat
flux for the j th element on each wall is given by the following
energy balance:

qradj
(xj ) = qoutj (xj ) − qinj

(xj ) (17)

where the radiosity for the j th element is defined as:

qoutj (xj ) = ε∗
j σT 4

j (xj ) + ρ∗
j qinj

(xj ) (18)

the irradiation is given by:

qinj
(xj ) =

m∑
k=1

∫
Ak

qoutk (xk)dFdAj –dAk
(19)

where the summation over the kth surface element is to be taken
for those elements over the boundary for which j interacts ra-
diatively.

2.4. Thermal parameters

The total heat transfer across the glass wall is given by the
Nusselt numbers. The total heat transfer involves the contribu-
tion of the convective and radiative Nusselt numbers; thus, the
total convective and radiative Nusselt numbers can be expressed
as:

Nutotal = Nuconv + Nurad (20)
where:

Nuconv = −λa

qcond

H∫
0

∂T

∂x
dy (21)

Nurad = 1

qcond

H∫
0

qrad-4 dy (22)

qcond = λa(T4 − T2)/W (23)

where T4 is the average temperature on the inside surface of the
glass wall.

3. Numerical procedure

The governing equations of the convective and conductive
model described above are solved using a finite volume ap-
proach [18]. The equations are integrated over elementary con-
trol 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 cav-
ity. 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 dif-
ference scheme. Coupling between the momentum and con-
tinuity equations is made with the SIMPLEC algorithm [19].
The algebraic equations system 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. If values in mass balance for every
control volume as well as the residual values of the different
equations are sufficiently low, overall convergence is obtained
(typically 10−10). This convergence criterion assures an accept-
able solution. A radiative balance at the walls is solved using an
iterative approach in order to couple laminar and turbulent nat-
ural convection to surface thermal radiation effect at the bound-
aries. The view factors between the elements were determined
by the Hottel’s crossed string method; since the view factors
are only a function of the geometry, their calculation was per-
formed before the beginning of the main iteration procedure.
The radiosity equations were solved by Simpson’s rule [17].

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 , . . . , ε) in the
cavity were given.

(2) Eqs. (17)–(19) were computed in order to get the local ra-
diative heat flux on the walls.

(3) The conductive model to obtain qcond-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 en-
ergy (κ) and the turbulent dissipation of kinetic energy (ε)
field in the cavity were obtained.

(6) A convergence criterion was applied, and



1634 J. Xamán et al. / International Journal of Thermal Sciences 47 (2008) 1630–1638
(7) the process was repeated 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 used grids
were from 61 × 51 to 101 × 91 with an increment of 10 com-
puter nodes for Ra = 1012 and surface thermal radiation cou-
pled with turbulent natural convection flow was taken into
account. Based on numerical calculations, the computational
grid that gives grid independent solutions was 91 × 81 with
a maximum deviation of 2% for the average Nusselt number.
Therefore, a 91 × 81 grid was used for all cases herein consid-
ered. The discretization for the glass wall (6 mm) was always
10 nodes in the horizontal direction for all the meshes.

In order to validate the numerical code, the conjugate heat
transfer problem by turbulent natural convection and surface
thermal radiation in a square cavity with differentially heated
vertical walls, reported by Velusamy et al. [9] was considered.
Comparison of results was made with the following two cases:

Case 1 (the walls have an emissivity equal to 0.9, T4 = 328 K,
T2 = 318 K and Ra = 1011) and

Case 2 (the walls have an emissivity equal to 0.9, T4 = 348 K,
T2 = 298 K and Ra = 1011).

The comparison of results is analyzed for both cases in terms of
the average Nusselt numbers (convective (f ) and radiative (r)
in the hot (h) and cold (c) wall). The maximum and mini-
mum observed differences for case 1 are 3.14% for Nucf and
0.11% for Nuhr , respectively. In case 2, the maximum differ-
ence observed is 3.29% for Nucf and the minimum difference
is 0.10% for Nuhr . However the differences for average total
Nusselt numbers are 1 and 1.5% for cases 1 and 2, respec-
tively.

4. Results and discussion

The parameters used to obtain the conjugate heat transfer
results for the square cavity with a glass wall are described
next. The cavity lengths considered in this work are shown
in Table 1. The solar radiation incoming in a normal direc-
tion over the glass has a constant value of 750 W/m2 (AM2).
The glass thickness was 6 mm. The isothermal wall temperature
was taken as 21 ◦C (294 K). The external conditions around the
glass wall are: the external convection coefficient has a con-
stant value of 6.8 W/m2 K corresponding to a wind velocity
of 3 m/s and the ambient temperature has a fixed tempera-
ture of 35 ◦C (308 K) (warm climates). The emissivity of the
glass wall was 0.85. The optical properties of the glass were:
0.14 (absorptivity), 0.78 (transmissivity) and 0.08 (reflectivity).
The remaining walls have an emissivity equal to 0.9.

4.1. Flow pattern results

Calculation results are graphically presented in Fig. 2.
Streamlines Fig. 2(a) and isotherms Fig. 2(b) for different val-
ues of Ra are shown. As can be seen on Fig. 2, flow is not
symmetric contrary to the case where only natural convection
heat transfer in a cavity is present [1]. For small values of Ra, a
vortex appears at the center of the flow as a dominant character-
istic of the flow. As the Rayleigh number increases, the vortex
becomes elliptical (Ra = 105) and smaller as it tends to confine
itself in the lower left corner of the cavity (Ra = 106). Rotation
is counterclockwise. For high values of Rayleigh (Ra � 109),
velocities at the centre of the cavity are smaller compared to
those next to the boundaries, where the fluid moves faster. Fur-
ther more; the absolute value of the horizontal component of
velocity is much higher at the bottom of the cavity than at the
top, this makes a long and thin vortex to form in the lower side
of the cavity. This vortex makes the stratification in the upper
side on the cavity to improve. This non-symmetric behavior of
the flow pattern can be attributed to the variation of tempera-
ture on the glass wall combined with the radiative interchange
at the inside of the cavity.

The isotherms patterns show the way the dominant heat
transfer process changes as the Rayleigh number increases. For
small values of Ra the isotherms are quasi-verticals, due to heat
transfer by conduction between the cold surface and the glass
surface. As the isotherms deviate from the vertical shape, the
heat transfer process changes from conduction to convection.
As can be seen on Fig. 2(b), while the Rayleigh number in-
creases, isotherms at the centre of the cavity are horizontal, and
they become vertical over the boundary layer. Where turbulent
flow only is present, the value of the median isotherm appears
to be at the bottom of the cavity, contrary to the problem of nat-
ural convection in a cavity with isotherm walls [5], where the
median isotherm is located at the center of the cavity, this is due
to the velocity levels in the zone.

Fig. 3 shows the non-dimensional temperature profile at the
median of the cavity, for different values of Ra. The profile for
the fluid in laminar regime (103 � Ra � 106), shows an abrupt
change in the heat transfer way from conductive regime to con-
vective regime, it means, for a value of Ra = 103, the slope
is 45◦, after that, the profiles tend to be horizontal lines at the
median of the cavity, as a consequence the temperature gradi-
ents become null along the with of the cavity, and temperature
gradients can be found only inside the boundary layer for a
Ra > 106 over the vertical walls. This allows stratification at
the median of the cavity to be formed.

Fig. 4 shows the profiles for the non-dimensional velocity
components at the median of the cavity. In the case study for
laminar regime (Ra � 105), the horizontal velocity component
has almost a symmetric behavior, the velocity decreases grad-
ually close to the median of the cavity and a narrow boundary
layer is developed along the walls. For Ra = 106, for u∗ a re-
markable non-symmetrical behavior is already seen. For the
case of turbulent flow, the horizontal velocity is totally asym-
metric, and it value is higher at the lower side of the cavity than
at the upper side, with an even narrower boundary layer than
in the laminar regime. On the other hand, the vertical veloc-
ity component (v∗) shows a symmetric behavior. For values of
Ra > 106, v∗ gets smaller outside the vertical boundary layer,
and it tends to zero as the thermal stratification develops.
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(a)

(b)

Fig. 2. Laminar and turbulent flow field at different Ra values: (a) streamlines and (b) isotherms.

Fig. 3. Temperature distribution at mid-height of cavity for different Ra values.
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Fig. 4. Distribution of u∗- and v∗-velocity components respectively at mid-width and mid-height of cavity for different Ra values: (top) u∗-velocity and (bottom)
v∗-velocity.
The non-symmetrical behavior of the horizontal velocity
component with a consequent non-symmetrical flow pattern
due to the combined effect of the heat transfer can be seen on
Fig. 5, for Rayleigh numbers of 106 and 1012. Three cases are
taken into account in order to compare the effect of conjugated
heat transfer over the velocity component.

Case 1: Convection-Radiation-Conduction; this case considers
the three ways of heat transfer inside the cavity with a glass
wall.

Case 2: Convection-Radiation; this case considers natural con-
vection and radiative interchange inside the cavity, it means
that the heat conduction effect through the glass wall is ne-
glected, so this is replaced with an isothermal wall whose
temperature value is the average of the one obtained in
case 1, over the glass wall, and the emissivity is set the
same as the glass wall.

Case 3: Conduction-Convection; this case considers natural
convection inside the cavity and heat conduction through
the glass wall; radiative interchange inside the cavity is ne-
glected.
For both regimes (laminar and turbulent) it can be seen that
in case 3 the velocity levels are lower and symmetric compared
to the other two cases, this indicates that the radiative effect
increases the velocity magnitude. The velocity component for
case 2 is almost symmetric, the slight deviation on the symme-
try is attributable to the emissivity of the walls whose values
are not equal (emissivity on right side wall: 0.85, emissivity
on the remaining walls: 0.90). For case 1 the velocity compo-
nent is completely asymmetric, due to the combined effects of
the radiative exchange inside the cavity and the heat conduction
through the semitransparent wall.

4.2. Nusselt number

In order to visualize the under estimation of the heat transfer
without the radiation effect, Table 2 shows the comparison of
total Nusselt number between the case where the three modes
of heat transfer are taken into account and the case where the
radiative effect is neglected. From this comparison a maximum
perceptual deviation of 28.88% for 103 � Ra � 106 and 45.11%
for 109 � Ra � 1012 can be observed. This result allows us to
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Fig. 5. Radiation and/or conduction effect on the natural convection for the horizontal velocity component at mid-width of cavity for different Ra values: (top) 106

and (bottom) 1012.
Table 2
Radiative effect on the total Nusselt number (Nutotal)

Ra With radiation Without radiation Absolute differences (%)

103 1.45 1.04 28.28
104 2.55 1.83 28.24
105 5.11 3.77 26.22
106 10.19 7.54 26.01
109 94.95 52.12 45.11
1010 203.94 112.27 44.95
1011 439.39 253.31 42.35
1012 972.51 591.27 39.20

affirm that the radiative heat transfer should not be neglected in
this type of problems, otherwise significant under estimations
in the total heat transfer shall be found.

Fig. 6 shows the mean value of the total Nusselt number
as a function of the Rayleigh for conjugate heat transfer in a
cavity with a clear glass wall. It can be seen that the heat trans-
fer has a linear behavior at a logarithmic scale for laminar and
turbulent regime; this allows us to determine with certain accu-
racy an equation. The equation for calculating the mean value of
the total Nusselt number was obtained by means of a minimum
square regression, and it is given by: Nutotal = 0.196Ra0.28 for
the approximation laminar and Nutotal = 0.088Ra0.34 for turbu-
lent regime. The relations show a maximum percentage differ-
ence of 7.9% (laminar flow) and 8.8% (turbulent flow) respect
to the numerical results.

5. Conclusions

Natural convection combined with surface thermal radiation
in a square cavity with a glass wall have been numerically ana-
lyzed using a control volume approach. Calculations have been
performed for both laminar and turbulent flow for a series of Ra
up to 1012. The cavity was modeled as one vertical isothermal
wall, two horizontal adiabatic walls and one vertical glass wall.

Results show that unlike the problem of natural convection
in a cavity, flow patterns are not symmetric due to the com-
bined effect of temperature variation over the glass wall and the
radiative interchange inside the cavity. As the Rayleigh num-
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Fig. 6. Average total Nusselt number for 103 � Ra � 1012.
ber increases, velocity levels have their maximum value in the
lower side of the cavity, causing the fluid to confine in its lowest
region.

A total Nusselt number correlation as a function of Rayleigh
number is presented for the studied cavities with a vertical glass
wall for 103 � Ra � 1012. This correlation can be applied to
determine the total heat transfer in rooms. Furthermore, this
correlation can be used to supply information to commercial
software, in order to determine the thermal loads in buildings.

A future work shall be focused on obtaining convective and
radiative coefficients in rooms with a semitransparent wall with
a selective solar control film in order to control solar radia-
tion transmission. It will be necessary to investigate the flow
patterns involved in turbulent three-dimensional situations. Al-
though the extension to three dimensions is straightforward, the
dramatic increase in CPU time is still a limitation in problems
like the one here considered, where a large number of parame-
ters are involved and many simulations have to be done.
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