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Abstract

The heat transfer by natural convection and surface radiation in a two-dimensional vented enclosure in contact with a cold extern
and a hot internal ambient was studied numerically. Inlet and outlet openings were located at a vertical conducting side wall in contac
air. Special attention was given on the modeling of the flow and thermal boundary conditions applied at the side wall. The temperature
between the two vertical facing sides of the enclosure induces downward buoyancy-driven flow of air within the enclosure and boun
flow along the surface immersed into the hot internal ambient. The first part of the study focuses on the conjugate problem of natural c
and wall conduction for various thermal resistances of the cold wall, considered as the main floating parameter through the present
effects of surface radiation are discussed in the second part of the paper. The radiative exchanges between the facing walls serve
the difference in the averaged temperatures of the vertical walls. Radiation tends to significantly decrease the temperature of the hot
the increase in temperature of the cold wall is less important. The interplay between convection and radiation is discussed and it is
radiation contribution in heat transfer dominates for all of the cases investigated.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Natural convection in vertical vented enclosure occurs in
plications such as cooling of electronic equipment, energy c
servation in buildings, double-glass ventilated windows, tra
formers, nuclear technology and many others fields. While
ural convection in closed enclosure has received conside
attention during the past several decades, relatively few stu
have been directed at vertically vented enclosures. Accor
to Sefcik et al. [1] the vertical venting designation indica
that the buoyancy-driven flow and heat transfer are restri
by vent openings at the top and bottom boundary walls of
enclosure. Geometrical configurations such as Trombe wall
tems used for passive solar heating of buildings, for exam
belong to this class of problems. For these cases, the d
of vented enclosures involves more geometrical and ther
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physical parameters than the classic problem of natural
vection in partially open cavities with a fixed thermal contr
between opposing walls. Natural convection in partially op
enclosures with a conducting side-wall was numerically s
ied by Desrayaud and Lauriat [2]. A tall slender cavity hav
vent openings located at the bottom and top of a vertical s
wall in contact with a hot ambient was considered (Fig. 1). T
interaction between the boundary-layer flow along the sid
the conducting wall immersed into the internal ambient
the flow within the vented enclosure was examined in de
For this conjugate problem, the key geometrical parame
which control the buoyancy-driven flow and thermal efficien
of the device are the spacing between the two vertical walls
widths of inlet and outlet openings and their locations while
buoyancy force depends strongly on the difference in tem
ature between the hot ambient and the internal surface o
outside wall, and on the thermal resistance of the outside w

The main purpose of the present study is the analysi
the coupling of natural convection with radiative exchanges
tween surfaces, for the same geometry as in [2]. The intera
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Nomenclature

A enclosure aspect ratio= H/D

B vertical extension of the computational domain. m
Cp specific heat . . . . . . . . . . . . . . . . . . . . . . . J·kg−1·K−1

D width of the vented enclosure . . . . . . . . . . . . . . . . m
e thickness of the glass sheet . . . . . . . . . . . . . . . . . . . m
g gravitational acceleration . . . . . . . . . . . . . . . . m·s−2

GV volumetric flow rate . . . . . . . . . . . . . . . . . . . . m3·h−1

h height of the glass sheet above and below the vent
openings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

H height of the vented enclosure . . . . . . . . . . . . . . . . m
k thermal conductivity . . . . . . . . . . . . . . . W·m−1·K−1

Ke thermal conductance of the outside
wall . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2·K−1

l size of the vent openings . . . . . . . . . . . . . . . . . . . . . m
Nk thermal conductivity ratio,= kGS/kf

Nr radiation number,= σT 4
h /(kf �T/H)

P dimensionless pressure defect,= p/(ρ0gβ�T H)

Pr Prandtl number,= ν/α

qr net radiative heat flux density . . . . . . . . . . . W·m−2

Q overall heat flux per unit depth . . . . . . . . . . W·m−1

Qr dimensionless net radiative heat flux density,
= qr/σT 4

h

QV energy flow rate. . . . . . . . . . . . . . . . . . . . . . . . W·m−1

RaH Rayleigh number based on the height of
the enclosure,= gβ(Th − Tc)H

3/αν

Re thermal resistance . . . . . . . . . . . . . . . . . . m2·K·W−1

T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
T0 reference temperature,= (Tc + Th)/2 . . . . . . . . K
T ∗

h dimensionless hot temperature,= Th/�T

(U,V ) dimensionless velocity components,
= (u, v)/

√
gβ�T H

W horizontal extension of the computational
domain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

(X,Y ) dimensionless coordinates,= (x, y)/H

Greek symbols

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

β volumetric coefficient of thermal expansion . K−1

�T temperature difference,= (Th − Tc) . . . . . . . . . . K
εi emissivity of surfacei
ρ0 reference density . . . . . . . . . . . . . . . . . . . . . . kg·m−3

σ Stefan–Boltzmann constant . . . . . . . . W·m−2·K−4

θ dimensionless temperature difference,
= (T − Th)/(Th − Tc)

Θ dimensionless temperatureT/Th

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

Subscripts

b bottom
BV bottom vent
c cold
f fluid
GS glass sheet
h hot
OW outside wall
t top
UV upper vent

Superscript

∗ dimensionless quantity
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Fig. 1. Geometry of the vented enclosure and computational domain (dashed
lines).

of natural convection and radiative transfer in semi-transpa
media enclosed in differentially heated cavities has been
sidered in many papers, as in [3–7], while the effects of
face radiation has, surprisingly, motivated less studies altho
thermal radiation always exists for air-filled enclosures. T
changes in thermal boundary conditions may indeed lea
large effects on the flow structure. To our best knowledge,
of the first studies devoted to this class of problem was
sented in a conference paper by Lauriat [8]. Studies publis
in the archival literature involving multi-mode heat transfer
closed cavities were then very scarce, at least until the re
years [9–16]. It should be emphasized that the influence of
face radiation on air natural convection is one of the most c
monly encountered problems at room temperature and, th
fore, in the human environment. About fifty percent of hea
transferred by radiation between the glass sheets of an ord
double-glass window (i.e. without deposited selective film
decreasing long wave radiation exchanges), within the cav
of hollow bricks and breeze-blocks commonly used for bu
ing houses in European countries, in living rooms, etc. On
the main reasons which could be invoked for having negle
the interaction of surface radiation with natural convection
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enclosures at room temperature is that it is common to linea
the radiative part of the problem, and then to add convec
and radiative contributions through a total heat transfer co
cient or by using a radiation network model [10]. Linearizat
of radiative terms is of course pertinent, especially when
Boussinesq approximation is invoked. However, the flow eq
tions involving both radiative and convective terms canno
linearized: as a result, changes in thermal boundary condi
may lead to large changes in the flow characteristics, such a
critical Rayleigh numbers for transition to unsteady flows i
differentially heated cavity [17]. The effects of surface radiat
also explain why experiments conducted in air-filled enclosu
exhibit large discrepancies with numerical solutions [18] wh
careful arrangements are not made to eliminate the effec
radiation in the design of an experimental set-up, or when
radiative part is not included in the problem formulation.

The aim of this paper is thus to demonstrate the imp
tance of the effects of surface radiation, through an examp
practical application. On account of the number of parame
involved, even for vertically 2D-square or cubic differentia
heated enclosures with adiabatic horizontal walls, computat
carried out just by successively varying one of the five dim
sionless parameters which emerge in the problem formula
(five parameters being the minimum number of parameters
be useless. That is due to the difficulty in finding a real pr
lem which matches such parametric studies. Therefore, w
reconsidering the practical problem which motivated our pr
ous work [2], i.e. the efficiency of protective glazing used a
thermal barrier to protect glass windows in historic buildin
The results discussed in the present paper add the effec
surface radiation and consider a more general thermal bo
ary condition at the cold wall, whose temperature distribut
depends on an external convective coefficient.

2. Mathematical formulation

It is assumed that the flow is two-dimensional, incompre
ible, laminar and that the Boussinesq approximation can
applied for a constant property fluid. The schematic of the p
lem geometry consisting of a vertical vented enclosure of he
H , wall spacingD, with the wall of thicknesse (called glass
sheet in what follows) having bottom and top vent opening
sizeh, is shown in Fig. 1. Since the flow and heat transfer
a vented enclosure having vents located at a vertical boun
are governed by elliptical, partial differential equations, the
lution is sensitive to the assumptions used for modeling i
and outlet flow conditions. The influence of inlet conditions
natural convection in vertically open channels was discusse
many papers during the past decades but a long-ranging
troversy exists regarding the best boundary conditions to
retained [15,19]. Alternative procedures consist in extend
the domain of integration to bypass the problem of prescrib
boundary conditions at the channel entry and exit. This ques
was discussed in Desrayaud and Lauriat [2], and it was
plained that extension of the computational domain far from
vent openings is basically required for two reasons. First,
shear stresses are not small in the regions close to the ope
e
e
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since the hot fluid does not penetrate axially into the chan
Second, any realistic thermal boundary condition can be app
at the surface of the glass sheet in contact with the internal
bient because the convective heat transfer coefficients may
the same order of magnitude at both sides of the glass shee
vary significantly from the bottom to the top. In addition, f
a transient problem in which the external ambient tempera
could be lower or higher than internal ambient temperature,
of the vent opening could be either an inlet or an outlet op
ing according to the sign of the horizontal temperature grad
Therefore, the computational domain shown in Fig. 1 is clo
with three fictitious boundaries(dashed linesΓ1,Γ2 andΓ3 in
Fig. 1), open to allow fluid to move in and out. These bou
aries have to be located far enough from the vented enclo
in order not to perturb significantly both the flow inside the
closure and the external flow along the bounding wall.

2.1. Governing equations

With the above assumptions, the equations in the fluid
main are cast in dimensionless form by scaling lengths,
locity, pressure and temperature difference(T − Th) by H ,√

gβ�T H , (ρ0gβ�T H) and�T = (Th − Tc), respectively.
For the coordinate system shown in Fig. 1, the dimension

governing equations in the flow region consisting in the ven
channel and the internal ambient can be written as:

∂U

∂X
+ ∂V

∂Y
= 0 (1)

U
∂U

∂X
+ V

∂U

∂Y
= −∂P

∂X
+

√
Pr

RaH

(
∂2U

∂X2
+ ∂2U

∂Y 2

)
(2)

U
∂V

∂X
+ V

∂V

∂Y
= − ∂P

∂Y
+

√
Pr

RaH

(
∂2V

∂X2
+ ∂2V

∂Y 2

)

+
(

θ + 1

2

)
(3)

∂Uθ

∂X
+ ∂V θ

∂Y
= 1√

Pr RaH

(
∂2θ

∂X2
+ ∂2θ

∂Y 2

)
(4)

In the glass sheet, the dimensionless heat equation is(
∂2θGS

∂X2
+ ∂2θGS

∂Y 2

)
= 0 (5)

2.2. Surface radiation calculations

When radiative interchanges among surfaces are accou
for, the thermal boundary conditions at the solid walls must
clude the contribution of the net radiative flux. For the probl
considered here, the four surfaces bounding the vented
space and the surface in contact with the internal ambien
subjected to surface radiation.

By assuming that all of the solid–fluid interfaces are gr
diffusively emitting and diffusively reflecting surfaces, the
mensionless temperature for the radiative part of the prob
formulation,Θi(ri) = T/Th, and dimensionless net radiativ
fluxes,Qr,i(ri) = qr,i(ri)/σT 4, can be related by a set of fou
h
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linear Fredholm integral equations of the second kind [2
In these equationsri is the space coordinate for surfaceSi

(i = 1, . . . ,4) of the vented enclosure. This formulation, n
taking to recourse to radiosity, is suitable to the present co
uration

Θ4
i (ri) − Qr,i(ri)

εi

=
4∑

j=1

∫
Sj

Θ4
j (rj )K(ri, rj )dSj

−
4∑

j=1

∫
Sj

1− εj

εj

Qr,j (rj )K(ri, rj )dSj ,

1� i � 4 (6)

whereK(ri, rj ) = cos(θi)cos(θj )/πr2
i,j is the kernel of the in-

tegral equations [20]. Each of these four equations cont
eight temperature and heat flux functions. Therefore, fou
these must be prescribed. Since the four facing surface
volve heat flux boundary conditions, it could be assumed
an initial guess forΘ4

i (ri) is given by the solution of the energ
equation.

The radiation exchanges between the internal surface o
glass sheet and the internal ambient do not require to so
linear system of integral equations because the internal am
is considered as an infinite space at blackbody temperaturTh.
Thus, the net radiative flux along the surface of the glass s
is explicitly written in the following dimensionless form

Qr,i(Y ) = εi

(
Θ4

i (Y ) − 1
)

(7)

SinceΘi = T/Th = �T
Th

θi + 1, the dimensionless temperatu
difference is introduced as an additional parameter when
face radiation is accounted for.

2.3. Boundary conditions

From Fig. 1 which shows the general layout of the proble
the boundary conditions are:

• Internal surfaces of the enclosure

Non-slip conditions and energy balances between convec
conduction and radiation lead to

(1) Along the adiabatic horizontal end walls of the enclosu

∇θ.−→n = NrQr(X)

U = V = 0

atY = 0,1 and 0� X � D∗ (8)

where−→n is the outward normal to the surface considere
(2) Along the vertical outside wall

∂θ

∂X
= K∗

e (θ + 1) − NrQr(Y )

U = V = 0

at X = 0 and 0� Y � 1 (9)
.

-

s
f
n-
t

e
a
nt

et

r-

,

n,

where K∗
e is the dimensionless thermal conductance

the outside wall including conduction through the w
and convection with the external cold air (K∗

e = KeH/kf

whereKe is the dimensional thermal conductance). T
contributions of conduction and external convection in
Ke-values are discussed in the result section.

(3) Along the surface of the glass sheet{
∂θ
∂X

= Nk
∂θGS
∂X

+ NrQr(Y )

θ = θGS
(10)

U = V = 0 (11)

at X = D∗ and 0� Y � Y1; Y2 � Y � Y3; Y4 � Y � 1
where Y1 = h∗, Y2 = h∗ + l∗, Y3 = 1 − (h∗ + l∗) and
Y4 = 1− h∗.
In Eqs. (8)–(10),Qr are implicitly given by the system o
Eq. (6).

(4) Surface in contact with the internal ambient{
∂θ
∂X

= Nk
∂θGS
∂X

− εNr

((
θ
T ∗

h
+ 1

)4 − 1
)

θ = θGS

(12)

U = V = 0 (13)

atX = D∗ +e∗ and 0� Y � Y1; Y2 � Y � Y3; Y4 � Y � 1.
and

∂θ

∂X
+ εNr

((
θ

T ∗
h

+ 1

)4

− 1

)
= 0 (14)

U = V = 0 (15)

atX = D∗ + e∗ and−B∗ � Y � 0; 1� Y � 1+ B∗

U = V = 0 (16)

The temperature and flow conditions applied at the bounda
of the computational domain indicated asΓ1, Γ2 and Γ3 in
Fig. 1 are

• Top boundaryΓ1:

∂θ

∂Y
= 0; U = V = 0

atY = 1+ B∗ ∀X � D∗ + e∗ (17)

• Right-hand side boundaryΓ2:

θ = 0.5; U = 0; ∂V

∂X
= 0

atX = D∗ + e∗ + W ∗ and − B∗ � Y � 1+ B∗ (18)

• Bottom boundaryΓ3

∂θ

∂Y
= 0 if V � 0 or θ = 0.5 if V > 0

U = ∂V

∂Y
= 0 atY = −B∗ ∀X � D∗ + e∗ (19)

In the above set of equations it can be seen that the geome
the problem is characterized by four dimensionless lengths
dimensionless width of the enclosure,D∗ or, equivalently, the
height-to-width aspect ratioA = H/D = 1/D∗, the dimension-
less thickness of the glass sheet,e∗, the dimensionless height o
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the parts above and below the openings,h∗, the dimensionles
width of the openingsl∗. The dimensionless lengthsB∗ and
W ∗ are only related to the size of the external computatio
domain, and should be taken to be sufficiently large to ha
negligible influence on the flow field within the enclosure (
B∗ ≈ 0.25 andW ∗ � 1).

The relevant dimensionless thermophysical parameter
the present conjugate problem accounting for convection,
duction and radiation are the Rayleigh number based on
height of the vented enclosure,RaH , the Prandtl number,Pr,
the thermal conductivity ratio,Nk , the dimensionless condu
tance of the outside wall,K∗

e , the radiation number,Nr or
the Planck numberPl = 1/Nr , the dimensionless hot tempe
ature,T ∗

h , and the wall emissivities,εi . In the present work
we have chosen to conduct the analysis withεi = ε in order
not to increase the number of parameters. The difference
surfaces emissivities for the practical application under con
eration are indeed rather small. The effect of surface radia
thus adds three dimensionless parameters in the problem
mulation (Nr,T

∗
h and ε) which depends upon 4 geometric

parameters and 7 flow and thermal parameters.

3. Solution procedure and code validation

The transport equations were discretized on structured
trol volumes using a second-order QUICK-type scheme for
convection terms and by employing the SIMPLER pressure
rection algorithm. The momentum and energy equations w
cast in transient form and the time-integration was perform
using a false-transient scheme based on an ADI method
a much larger time step for the energy equation than for
momentum equation. When the time steps are not very sm
inner iterations are required to account for the non-linearit
the equations. In the present study, under-relaxation param
were introduced for velocities and temperature to control
advancement of the solution field until a steady state was
tained. The suitable values of the relaxation factors were fo
by experience.

The system of integral equations for the net radiative
along the facing surfaces of the vented enclosure were tr
formed into a linear system of algebraic equations by brea
up the surfaces intoNS isothermal subsurfaces, the tempe
ture of which being evaluated from the temperature distribu
calculated at the previous time step of the numerical proce
used for integrating the conservation equations. The inte
terms in the right-hand side of Eq. (6) were represented
summations using the Simpson rule and, the numberNS of
subsurfaces was defined either by the mesh used for inte
ing the flow equations or by clustering few mesh surface
order to reduce the size of the matrix systems. The dimens
less net radiative flux,Qr,j , at subsurface dSj located on the
surfaceSj of the vented enclosures was thus obtained by s
ing the system of algebraic equations

NS∑
j=1

[
δij

εj

− Fij

1− εj

εj

]
Qr,j =

NS∑
j=1

Fij

(
Θ4

i − Θ4
j

)
for 1� i � NS (20)
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Table 1
Comparison of convective(Nuc) and total(Nut ) mean Nusselt numbers alon
the hot wall forRaH = 6.21× 104, Nr = 6.36 andT0/Th = 0.866 (Nakamura
et al. [9])

εH εp [9] Present

Nuc Nut Nuc Nut

0.03 0.03 1.33 1.39 1.31 1.36
1 0.33 1.24 1.47 1.23 1.44
1 1 1.09 3.89 1.08 3.84

In Eq. (20), δij = 0 if i �= j and δij = 1 if i = j . Fij is
the view factor between two subsurfacesdSi and dSj . For the
two-dimensional geometry considered here, the Hottel cros
string method allows exact evaluations of the view factors.
convergence criteria for steady state included checks on
overall mass and energy balance for the vented enclosure
relative changes between consecutive iterations. Both the
and energy balances were found satisfactory within less
0.7% in the entire flow regime investigated.

The numerical code was also extensively validated aga
benchmark problems for pure natural convection and clo
related problems to check its validity for solving conjugate n
ural convection. Comparison results such those presente
Desrayaud and Lauriat [2] are omitted here for brevity. The g
tests reported in [2] have shown that a 100×200 grid resolution
(streamwise× cross-stream directions) yielded a good comp
mise between accuracy and computational time.

When including surface radiation for cavities with heat fl
boundary conditions at the walls, it is well established that
general trends are slight reductions of the temperature gra
normal to the walls and of the maximal flow velocities, es
cially at high Rayleigh numbers. These trends were obse
in the present study and, consequently, the previously repo
grid tests made for pure natural convection can be viewe
still valid.

A comparison of the present results and those of Nakam
et al. [9] for natural convection—surface radiation interact
in an air-filled enclosure of aspect ratioA = 5 with a partition
wall located at cavity midplane is shown in Table 1. The to
and radiative Nusselt numbers for different hot wall emiss
ties(εh) are for a partionned cavity having an emissivity of t
partitionεp on both sides. As it can be seen, the agreemen
tween the solutions is fairly good.

4. Results and discussion

The ranges of the 15 dimensional parameters used in
present work are listed in Table 2 while the ranges of the 11
mensionless numbers are reported in Table 3. The dimens
parameters can be classified into three general groups: ge
ric characteristics, material properties and external effects,
is shown in Table 2. The four basic dimensions (mass, len
time and temperature) being used, the Buckinghamπ -theorem
indicates that the number of independent dimensionless
rameters cannot be larger than 11. In other words, a Nu
number correlation cannot be derived in terms of these 11
mensionless numbers. Therefore, it has been decided to
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Table 2
Ranges of dimensional parameters

Parameter Value Units

Geometric characteristics

D 0.04 m
e 0.005 m
h 0.02 m
H 4.0 m
l 0.04 m

Material properties

Cp 1008 J·kg−1·K−1

kf 0.025 W·m−1·K−1

kGS 1.0 W·m−1·K−1

µ 1.76× 10−5 kg·m−1·s−1

ρ 1.265 kg·m−3

ε 0 � ε � 0.95

External effects

Ke 2.28� Ke � 60 W·m−2·K−1

Tc 268� Tc � 278 K
Th 288 K
β 3.5× 10−3 � β � 3.6× 10−3 K−1

Table 3
Ranges of dimensionless parameters

Parameter Value

Geometry

D∗ 0.01
e∗ 0.00125
h∗ 0.005
H∗ 1
l∗ 0.01

Flow and heat transfer parameters

K∗
e 3.2× 102 � K∗

e � 9.6× 103

Nr 3.12× 103 � Nr � 6.24× 103

Nk 40
Pr 0.71
RaH 8.1× 1010 � RaH � 16.6× 1010

ε 0� ε � 0.95
T ∗
h

14.4 � T ∗
h

� 28.8

the present study to a specific application, namely a device
to prevent condensation of humid air on stained-glass wind
in historic buildings [2]. Obviously, another specific proble
such as double glass naturally ventilated window [21] co
be also selected to highlight the effects of radiation at ro
temperature. However, to cast the governing equations in
mensionless form is still meaningful because the values o
dimensionless parameters indicate the order of magnitud
the most important effects. For examples, values ofRaH tell us
how is the expected flow régime and, comparisons betweeK∗

e

andNr in Eq. (9) give the relative importance of conducti
through the outside wall and surface radiation.

4.1. Dimensional parameters

There are a large number of model geometrical parame
thermal conditions, and so on, that describe the vented e
ed
s

i-
e
of

s,
o-

sure. Therefore, it is necessary to be selective. The dimen
of the enclosure considered here and the physical param
kept constant in the process of the present study are repor
Table 2.

All the computations discussed in the present work w
done for air (Pr = 0.71), assuming it to be a radiatively tran
parent fluid. In addition, the geometric characteristics of
vented enclosure are fixed. The height is taken to beH =
4 m while the spacing isD = 0.04 m. These dimensions a
based on experimental studies reported in the literature
The aspect ratioA = H/D is thus very high, typical also o
what is found for double glass windows. The sizes of the
vents werel = 0.04 m and their locations were ath = 0.02 m
from the top and bottom end surfaces. The choicel = D and
h ≈ D/2 results from previous computations conducted fo
similar geometry by neglecting surface radiation. These c
putations have shown thatl = D is almost the optimal siz
of the openings to have an efficient convective heating of
inner glass sheet [2]. Therefore, these four geometrical p
meters are considered here not to have significant effect
the conclusions about surface radiation effects which coul
drawn for similar geometries. Since we are considering a
a Boussinesq fluid with a reference temperature varying in
range 278 K� T0 � 283 K, it may be assumed that the therm
physical properties, except the coefficient of volumetric ther
expansion, keep their values at 280 K. Therefore, the only l
change in material properties is that for the emissivity of
walls (Table 2).

The heat losses through the outside wall are accounte
by an overall heat transfer coefficient,Ke, included in the ex-
ternal effects described in Table 2. The variations ofKe are in
a quite large range because it depends on the thermal co
tance of the wall and on the outside heat transfer coefficient
us consider now these two contributions toKe. The range for
wall thermal resistance is taken to be 0.005 K·m2·W−1 � Re �
0.34 K·m2·W−1 because the typical outside walls used in pr
tice are windows made of a single glass sheet, a double,
nary glass sheets or a double glass sheets having selective
tion properties due to deposited film on one of the glass sh
These thermal resistances comply with the requirements
lined in ASHRAE [23] which gives also the outside heat tra
fer coefficient as a function of the wind speedV by the equation
he = 10+ 4.1V [W·m2·K−1]. The range of wind speed con
sidered is 0� V � 10 m·s−1. Therefore, the overall wall con
ductance varies betweenKe ≈ 2.0 andKe ≈ 60 W·m−2·K−1.
For Ke larger than 60 W·m−2·K−1, the outside wall surfac
can be assumed at a uniform temperature close toTc. The hot
ambient temperatureTh = 288 K is chosen appropriate for in
side temperature of historic buildings. The range for exte
temperatureTc is typical for winter conditions at which con
densation of humid air are observed.

4.2. Dimensionless parameters

When surface radiation is taken into account with all the s
faces having the same emissivity, three additional dimens
less parameters are introduced when adimensionalizing th
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(a) (b)

Fig. 2. Velocity vectors (a) and temperature fields (b) within the vented enclosures and along the glass sheet for different conductancesKe of the outside wall (pure
natural convection,εi = 0).
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of governing equations, i.e. the emissivity of the facing wa
ε, the radiation parameter,Nr , and the dimensionless hot tem
perature,T ∗

h . In the present study, the variations inNr are only
due to variations in the temperature difference,�T . Therefore,
a narrow range ofNr -variations is reported in Table 3. The i
troduction of a scale for the radiative flux density asσT 4

h yields
the third parameter.

It is to be noted here that the high Rayleigh number repo
in Table 3 is based on the maximum temperature differe
i.e. the temperature difference�T = Th − Tc between the in-
ternal and external ambient. From a physical point of view,
relevant Rayleigh number should be based on the temper
difference between the average temperatures of the two v
cal facing surfaces of the vented enclosure. In what follo
this relevantRaH will be termed as effective Rayleigh numb
(Raeff). Nevertheless, the highest values ofRaH indicate that
the flow régime could exhibit a periodic behaviour (with lo
frequency oscillations) for pure natural convection and la
thermal conductance of the external wall.

4.3. Contributions by convection and radiation

In order to isolate the role of surface radiation, results h
been obtained first without surface radiation accounted for.
ond, the flow characteristics and heat transfer rates are
,

d
,

re
ti-
,

e
c-
s-

cussed when surface radiation is included. Comparisons
the results of the first stage reveal relative contributions of
ural convection and surface radiation to heat transfer.

4.3.1. Isolating the role of surface radiation
We consider first the effect of the thermal conductance of

outside wall while keeping constant all of the other quantit
the external and internal ambient temperatures areTc = 0 ◦C
and Th = 15◦C, respectively. Fig. 2 shows the velocity a
temperature fields within the vented enclosure and in the n
field from the glass-sheet for the lowest and highest value
thermal conductance considered in the present study. Note
these plots are not drawn to scale in order to make pos
plots over the whole extent of the slender enclosure. It ca
observed that a jet of hot fluid penetrates into the enclo
through the upper opening with an almost flat horizontal ve
ity profile, turns right-angled and then proceeds downstre
The enclosure simulates two isolated vertical plates with a
defined thermal boundary layer along the cold outside wal
account of the high Rayleigh numbers considered (Fig. 2
Over most of the height, the flow characteristics are thus s
lar to those for natural convective flow between vertical para
plates heated asymmetrically. The flow can be considered
the single-plate regime for these various values ofKe (Sparrow
and Azevedo [24]). When the primary inlet flow approach
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n,
(a) (b)

Fig. 3. Vertical temperature profiles along the vertical facing surfaces for different conductancesKe [W·m−2·K−1] of the outside wall (pure natural convectio
εi = 0). (a) outside wall; (b) glass sheet.
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ased
the bottom of the enclosure, the thermal boundary layer m
the glass sheet before turning towards the outlet opening
a mixing-cup temperature decreasing asKe increases. Thes
observations mean that there is a progressive increase in
vection heat transfer along the outside wall, as evidenced b
isothermal patterns plotted in Fig. 2(b). In the present exam
the convection heat transfer increases twofold in the rang
Ke investigated. The maximum in downward velocity occ
just below the top opening because the fluid in the entra
region is almost at the internal temperature over most of
enclosure width. The thicknesses of the dynamical and the
boundary layers increase when the fluid proceeds downstr
Therefore, the maximum velocities decrease as the flow spr
towards the glass sheet since the flow rate through any
zontal section is constant (here is the main difference betw
a channel flow and a flow along a single plate). The velo
fields show quiescent regions at the top and bottom cause
the solid parts above and below the openings. The extensi
these regions are almost independent of the Rayleigh num
even for a much larger range ofRaH than that considered i
the present study [2]. On account of the small differences in
flow structure at the upper part of the enclosure, the glass s
is at almost uniform temperature over the height upper h
whatever the value ofKe is. Since the temperature of the gla
sheet is lower than that of the internal ambient, a natural con
tion flow develops along its internal side too. Thus, the ther
equilibrium of the glass sheet is determined from a conjug
problem: natural convection on its two sides and heat con
tion through it. Fig. 2(b) shows that the main thermal influen
of Ke on the temperature distribution along the glass shee
predicted at the bottom part due to an increased cooling by
flow of cold air when proceeding towards the outlet. Obviou
the flow rate of the boundary layer flow along the internal s
face of the glass sheet (i.e. forx > D + e) depends upon th
ts
th

n-
e
,

of

e
e
al
m.
ds
i-
n

by
of
er,

e
et

f,

c-
l
e
-

s
re
e

,
-

temperature difference between the glass sheet and the in
ambient, and thus onKe.

Fig. 3 shows the temperature distributions along the two
tical facing surfaces for various values ofKe. As previously
mentioned, the impact of the inlet jet of hot air at the o
side wall surface and the weak recirculating flow at the
region of the enclosure lead to a sharp increase in the
face temperatures, except for the highestKe-value at which
the local heat transfer coefficient resulting from the inlet
is much lower thanKe. The surface temperature decrea
then monotonously in the downward direction with a ve
cal temperature gradient all the more small sinceKe is large.
For Ke = 40.6 W·m−2·K−1, the surface temperature profi
at the outside wall reveals, as expected, that the height
aged temperature is close to the external ambient tempera
Other computations predicted that the external ambient tem
ature was almost recovered over more than 95% of the he
for Ke ≈ 60 W·m−2·K−1. The temperature distribution alon
the glass-sheet is much less influenced byKe. The explana-
tion is found in the weak change in the flow structure wit
the vented enclosure due to the small variations in effec
Rayleigh number in the range ofKe investigated. It should b
pointed out that the temperature profiles in the region adja
to the bottom and top horizontal walls of the enclosure indic
that the fluid is almost isothermal, as previously discussed
shown in Fig. 2(b). However, enlargement of these profile
y = 0, H display clearly that the adiabatic boundary condit
is met. Finally, Fig. 4 shows the effect ofKe on the height aver
aged temperatures of the two facing vertical surfaces. The s
changes inT GS and the large changes inT OW are evidenced
Therefore, the increases in the effective Rayleigh number b
on �Teff = T GS − T OW are mostly due the decreases inT OW
which matches almost the mean temperatureT0 = (Tc + Th)/2
for the lowestKe-value and the external temperature,Tc, at the
highestKe-value (Fig. 4).
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t (see
Table 4
Heat fluxes at the outside wall(QOW), glass sheet(QGS), enthalpy fluxes through the upper(QUV) and bottom opening vents(QBV), volumetric flow rate(GV)

and effective temperature difference. Surface radiation neglected. TheKe-values match various types of outside wall and external heat transfer coefficien
Section 4.1)

Ke [W·m−2·K−1] QOW [W·m−1] QGS [W·m−1] QUV [W·m−1] QBV [W·m−1] GV [m3·h−1] �Teff [◦C]

2.28 60.6 −2.7 −86.3 28.4 32.8 7.63
2.86 67.0 −2.8 −89.1 25.3 33.9 8.29
3.62 74.1 −3.1 −91.8 20.9 34.9 8.91
5.10 84.2 −3.5 −96.3 15.7 36.7 10.05
9.52 97.6 −4.0 −100.3 7.2 38.2 11.62

40.6 115.3 −4.8 −105.7 −4.4 42.5 13.44
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Fig. 4. Variation of the average temperatures of the vertical facing surf
versus the conductanceKe of the outside wall (NC: pure natural convectio
(εi = 0), NC-R: surface radiation accounted for (εi = 0.95)).

Table 4 shows the effects ofKe on the overall heat fluxe
QOW and QGS at the facing surfaces, the energy flow ra
through the top and bottom openings,QUV andQBV respec-
tively, the mass flow rateGV through the inlet vent (or throug
any horizontal cross-section within the enclosure) and, on
effective temperature difference�Teff. Let us first define the
quantities reported in Tables 4–6.

The overall heat fluxes at the facing surfaces are obtaine

QOW = −kf

H∫
0

∂T

∂x

∣∣∣∣
0

dy +
H∫

0

(
R(y) − E(y)

)
OW dy (21)

QGS= − kf

[ y1∫
0

∂T

∂x

∣∣∣∣
D

dy +
y3∫

y2

∂T

∂x

∣∣∣∣
D

dy +
H∫

y4

∂T

∂x

∣∣∣∣
D

dy

]

+
H∫

0

(
R(y) − E(y)

)
GSdy (22)

where subscripts OW and GS stand for the outside wall
glass sheet, respectively.R(y) and E(y) are the radiosity
and incident radiation flux [20]. The integral terms involvi
(R(y) − E(y)) in Eqs. (21)–(22) are set to zero when surfa
radiation is neglected.
s

e

s:

d

The energy flow rate and volumetric flow rate through
openings are calculated from{

QV = ∫
l

[
ρCpu(D,y)(T − T0) − kf

∂T
∂x

|D
]
dy

GV = ∫
l
u(D,y)dy

(23)

wherel stands for the opening widths (l = y2 − y1 or y4 − y3).
The flow structures shown in Fig. 2 tell us that the domin
term inQV is the transport term, whateverKe is.

Energy conservation requires that

QOW + QGS+ QUV + QBV = 0 (24)

where subscripts UV and BV stand for the upper and bot
opening vent, respectively.

Table 4 shows first that the heat flux at the outside wa
almost doubled whenKe increases from 2.28 W·m−2·K−1 to
40.6 W·m−2·K−1 while the heat flux transferred at the gla
sheet keeps a comparatively low value. A negative sign inQGS
means that heat is transferred by conduction through the
sheet. It should be recalled here that the lowestKe-value is for
a outside wall made of a selective, double-glass window
a zero wind speed while the highest value is for a single g
window and a wind speedV = 10 m·s−1. Most of the energy
flow rate through the upper opening is thus transferred a
outside surface and the remaining heat is flowing through
bottom opening, except forKe = 40.6 W·m−2·K−1 for which
the negative sign means that the mixing-cup temperature o
exit fluid is below the mean fluid temperature.

4.3.2. Effects of surface radiation
When surface radiation effects are accounted for, plot

velocity and temperature fields are presented in Fig. 5 u
the same scales as in Fig. 2. The effects of radiation ca
summarized as follows:

• Small influences on the flow rateGV within the enclo-
sure but noticeable decreases in the maximum ver
velocities over most of the enclosure height because
boundary layer structure disappears, especially at lowKe-
values where the downwards flow resembles a symm
cally cooled channel flow. Such a change occurs becau
a large radiative cooling of the glass sheet compensate
convective heating at both sides. It can be noted that sur
radiation produces small decreases inGV for the lowestKe

value while an opposite trend is predicted when the cond
tance of the outside wall increases. To summarize, the m
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n

(a) (b)

Fig. 5. Velocity vectors (a) and temperature fields (b) within the vented enclosures and along the glass sheet for different conductancesKe of the outside wall with
surface radiation(εi = 0.95).

(a) (b)

Fig. 6. Vertical temperature profiles along the vertical facing surfaces for different conductancesKe [W·m−2·K−1] of the outside wall with surface radiatio
accounted for (εi = 0.95). (a) outside wall; (b) glass sheet.
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Table 5
Combined convective and radiative heat fluxes at the outside wall(QOW), glass sheet(QGS), enthalpy fluxes through the upper(QUV) and bottom opening vent
(QBV) and volumetric flow rate(GV ) and effective temperature difference

Ke [W·m−2·K−1] QOW [W·m−1] QGS [W·m−1] QUV [W·m−1] QBV [W·m−1] GV [m3·h−1] �Teff [◦C]

2.28 91.4 −54.1 −81.4 43.6 30.1 3.27
ROW = 59.0 RGS= −58.3

2.86 106.3 −61.6 −87.0 42.0 33.5 3.69
ROW = 66.8 RGS= −66.1

3.62 122.9 −69.7 −92.7 39.6 35.3 4.25
ROW = 77.1 RGS= −76.2

5.10 146.9 −81.8 −100.4 34.8 38.1 5.00
ROW = 91.0 RGS= −89.9

9.52 189.9 −107.0 −109.1 21.0 41.4 6.28
ROW = 115.2 RGS= −114.0

40.6 260.8 −135.8 −126.1 0.4 48.3 8.21
ROW = 152.2 RGS= −150.7

R: Net radiative flux.

Table 6
Heat fluxes at the outside wall(QOW), glass sheet(QGS), enthalpy fluxes through the upper(QUV) and bottom opening vents(QBV) and volumetric flow rate
(GV ) with (NC-R) and without (NC) surface radiation for different external temperatures

Tc [◦C] QOW [W·m−1] QGS [W·m−1] QUV [W·m−1] QBV [W·m−1] GV [m3·h−1]

−5 NC 166.4 −6.8 −156.4 −2.8 44.2
NC-R 356.1 −176.7 −191.2 10.7 54.4

ROW = 199.6 RGS= −197.6

5 NC 69.9 −3.4 −62.2 −4.1 35.8
NC-R 167.8 −93.1 −70.2 −5.0 40.8

ROW = 102.8 RGS= −101.8

R: Net radiative flux.
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significant effect is seen along the glass sheet: a boun
flow develops along its surface in contact with the int
nal ambient, with maximal downward velocities located
about one third of the boundary layer thickness, as for
ural convection along an isothermal plate. These maxi
velocities have a magnitude of the order of 30% less t
the velocities within the enclosure.

• The temperature fields plotted in Fig. 5(b) show that
temperature of the glass sheet is more uniform and
the maximum temperature is less than the internal am
ent temperature. This trend is magnified asKe increases
because the radiative cooling increases too.

Surface radiation effects are better exemplified through p
of the vertical temperature distributions along the fluid–solid
terfaces atx = 0 andx = D drawn in Fig. 6. It should be note
that the horizontal temperature gradient in the glass sheet
most zero whatever the value ofKe is because its conductiv
resistance is very low. The radiative cooling of the glass s
and the large decrease of the vertical temperature gradie
clearly exhibited for all of the cases considered. Returnin
the practical application which has motivated the present st
it can be concluded that the use of a protective outside
made in a single glass sheet is inefficient to prevent conde
tion of internal humid air on the internal glass sheet (inter
ambient atTh = 15◦C with a 80% relative humidity). In othe
ry

t-
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words, to have neglected the radiative cooling effect was on
the main reason explaining the reported inefficiencies of m
protective glazing of stained-glass windows built so far.

Returning to Fig. 4 (labeled as NC-R), it shows that
main effects of radiation are to produce large decreases in
average temperature of the glass sheet while only quite s
increases in the temperature of the facing surface of the ou
wall are predicted. Therefore, the effective Rayleigh numbe
about halved when radiation is taken into account, irrespec
of the value ofKe. The heat fluxes reported in Table 5 indica
that net radiative fluxes at the vertical cold and hot facing
faces are always larger than the natural convection heat flu
(QOW − ROW) and (QGS − RGS) respectively, by about 50%
at the outside wall and, as much as one order of magni
larger at the glass sheet. Contrary to what has been foun
neglecting radiation (negative sign in theQGS-values reported
in Table 4), the glass sheet is heated by natural convective fl
of hot air along its both sides since the(QGS − RGS)-values
reported in Table 5 are positive.

Therefore, the effect of surface radiation is somewhat m
complicated for the vented enclosure considered in the pre
study than for classical cavity flows. Two driving temperat
differences must be indeed accounted for: the difference
tween the averaged temperatures of the facing surfaces,
as�Teff in Table 5, and the temperature difference between
glass sheet andTh.



346 G. Lauriat, G. Desrayaud / International Journal of Thermal Sciences 45 (2006) 335–346

al

wa
-
6
n

s t
b

esu
o

y

in-

ura

fac
tur
ses
the
sfe

re
ns
ccu

te
u-

04

lly
18.
par
ea

ver

ith
Int.

ac-
ans-

ids
988)

tion
Heat

nce
D 8

tion
sfer

vity
6.
con-
267.
n in
sfer

ith
997)

ans-
01)

with
i. 43

on in
.
con-
mplie

dif-

in
4.

hing-

ble
r 48

hen
992)

ing,
27:

an-
ary-
Finally, computations were carried out for two addition
external ambient temperature,Tc = −5 ◦C andTc = +5 ◦C, re-
spectively. For both cases, the conductance of the outside
was maintained atKe = 40.6 W·m−2·K−1 and the internal am
bient temperature atTh = 15◦C. The results reported in Table
add to those already discussed. The main feature which ca
drawn is that the surface radiation increasingly contribute
the heating of the outside wall as the temperature difference
tween internal and external ambiences decreases. These r
not commonly inferred, are supported by the contributions
radiation toQOW, as shown in Table 6: the contribution b
radiation decreases from 61% to 56% as�T increases from
10◦C to 20◦C. This result can be explained by a 40%
crease in the flow rate through the enclosure for a 10◦C increase
in �T .

5. Conclusions

The salient conclusions from the present study on nat
convection-radiation interaction at room temperatures are:

• The temperatures of the outside wall increase when sur
radiation is accounted for while the average tempera
difference between the two vertical facing walls decrea

• The radiative contributions to the heat transfer along
facing surfaces were found to be the dominant heat tran
mode for all of the cases considered.

• To neglect radiation in the design of air-vented enclosu
with wall temperatures floating to equilibrium distributio
between two extreme temperatures leads to highly ina
rate predictions.
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