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06000 Bejaia, Algérie
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Abstract – The main objective of this article is to study the effect of coupled mode free convection with
surface radiation on the fluid flow behavior inside a tilted solar collector having a flat glass cover and a
wavy bottom absorber. The cavity is subject to vertical gradient temperature while its top sidewalls remain
thermally insulated. The dimensionless governing equations under Boussinesq approximation are coupled
with a radiative model through the boundary conditions and solved by the Finite Volume Method. The
numerical results are discussed in terms of streamlines, isotherms, convective and radiative Nusselt number
along the cover plate for various aspect ratios, inclination angle, emissivity and Rayleigh number. These
results highlighted the condition of the enclosure performance and revealed that the heat and fluid flow
fields are affected by surface radiation and the above parameters. In the end, correlations for predicating
the convection heat loss in term of averaged Nusselt numbers are developed in both pure free convection
and coupled convection-surface radiation modes.
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1 Introduction

Convection heat transfer in enclosures has received
considerable attention over the past few decades in view
of the numerous potential applications. A literature sur-
vey related to this topic revealed that previous studies are
substantially oriented toward describing the phenomenon
of free convection in cavities with flat walled geometries.
In this field, benchmark solutions of De Vahl Davis [1] and
Le Quere [2] have been widely considered as a reference
by many authors.

The interest has now shifted to complex enclosures
with irregular surfaces. Therefore, wavy surfaces are suit-
able techniques to improve the thermal performance of
heat transfer devices. Solar collectors, grain storage con-
tainers, industrial heat radiators and electronic cooling,
are some applications where non-uniform surfaces are en-
countered to transfer heat. In thermal solar, the collectors
are designed usually as shallow enclosures; their absorbers
can be different geometry such as flat, wavy or corru-
gated. The main requirement of the solar collector is a
large contact area between the absorbing surface and the
working fluid. In this context, Adjlout et al. [3] reported
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natural convection in an inclined cavity with right hot
wavy wall and left cold flat wall. Das et al. [4] focused on
natural convection inside an isothermal enclosure having
a wavy bottom and ceiling. Thereafter, Dalal et al. [5] an-
alyzed the natural convection problem in two-dimensional
inclined enclosure with sinusoidal temperature profile on
one wall. Gao et al. [6] investigated analytically and ex-
perimentally the thermal performance of cross-corrugated
solar air-heaters. In a similar problem, numerical simula-
tions of natural convection heat transfer and fluid flow
have been performed respectively for horizontal and in-
clined solar collectors by Varol et al. [7,8]. Saha et al. [9]
solved the natural convection problem for sinusoidal and
inclined corrugation geometry and different heat source
sizes. Recently, Bendehina et al. [10] reported a series of
numerical simulations on laminar natural convection in
inclined rectangular cavities with undulations and a sinu-
soidal temperature distribution on the cold wall. A thor-
ough analysis conducted by Chin-Lung Chen et al. [11]
highlighted the effects of various shaped concave enclo-
sures on convection heat transfer. In another approach,
Nasrin [12] investigated numerically laminar free con-
vection in a solar collector with a flat cover and wave-
like absorber filled with a water-alumina nanofluid. More
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Nomenclature

a, b Aspect ratio (a = H/L; b = λ/L)

Cp Specific heat at constant pressure (J.kg−1.K−1)

e(E) Dimensional irradiance (W.m−2) (dimensionless, E = e/σ T 4
H)

Fi,j Shape factor

g Gravitational acceleration (m.s−2)

Gr Grashof number Gr = Ra/Pr

H Height (m)

j(J) Dimensional radiosity (W.m−2) (Dimensionless J = j/σ T 4
H)

k Thermal conductivity (W.m−1.K−1)

L Length (m)

Nux Local Nusselt number

Nu Average Nusselt number

Nr Dimensionless net radiation number Nr = σT 4
H/(kΔT/L)

p(P ) Dimensional pressure (Pa) (Dimensionless P = pL2/(ρν2))

Pr Prandtl number Pr = ν/α

qr(Qr) Dimensional net radiative flux density (W.m−2) (Dimensionless Qr = qr/(σT
4
H))

Ra Rayleigh number, Ra = gβ(TH − TC)L3/(να)

T Temperature (K)

vi(Vi) Dimensional velocity components (m.s−1) (Dimensionless Vi = viL/ν)

Greek symbol

λ Wavy wall amplitude (m)

φ Inclination angle (◦)
ρ Density (kg.m−3)

α Thermal diffusivity (m2.s−1)

β Thermal expansion coefficient (K−1)

μ Dynamic viscosity (kg.s−1.m−1)

ν Kinematic viscosity (m2.s−1)

σ Stefan - Boltzmann constant σ = 5.67 × 10−8 (W.m−2.K−4)

ε Emissivity

θ, Θ Dimensionless temperature θ = (T − TC)/(TH − TC), Θ = T/TH

Ψ Dimensionless stream function Ψ = ψ/ν

δij Delta Kronecker

Subscripts

H, C Hot and cold

L, R Left, Right

conv, rad Convection and radiation

Tot Total

recently, Rahman et al. [13] analyzed numerically the flow
behavior in a corrugated triangular solar collector filled
with a nanofluid. On the other hand, Sahi et al. [14] have
contributed to the understanding of the flow behavior,
through numerical study of the effects of thermal bound-
ary conditions and aspect ratio on the laminar natural
convection in a rectangular solar collector. Amongst the
conclusions drawn for these studies, the heat transfer is
limited by the enclosure area and the inclination angle
affects the flow and heat transfer and can be used as a
control parameter.

The preceding literature review shows that available
studies are generally limited to free convection without
thermal radiation, although this always exists in air-filled
solar collectors and cannot be ignored. Therefore, the
interaction effects between surface radiation and natu-
ral convection in differentially heated enclosures have re-

ceived considerable attention in recent years due to its
relevance in several potential applications such as ther-
mal insulations, electronic cooling systems and solar col-
lectors. Some of these studies have investigated the con-
jugate heat transfer in cavities filled with a transparent
medium whereas others have considered the participat-
ing media. Reviews of this subject can be found in the
publications of Lauriat [15], Ridouane [16], Wang [17],
Bouali [18], Mezrhab [19], Amraqui [20], Alvarado [21],
Nouanegue [21], Ashish [23] and Vivek [24]. It is namely
revealed that thermal radiation can strongly interact with
the convection process and alters markedly the fluid flow
characteristics. It’s also found that the radiative Nusselt
number is insensitive to the orientation of the cavity and
natural convection coupled with radiation heat transfer
presents a greater contribution compared with the forced
convection systems.
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Fig. 1. Physical domain.

From the revised literature it can be seen that stud-
ies on natural convection coupled with thermal radiation
inside complex shaped cavities are more scarce. There-
fore, the fluid flow and heat transfer phenomena in a
wavy tilted enclosure need a more comprehension. In this
regard, special attention will be paid to the effects of
Rayleigh number, surface emissivity and the tilt angle on
the interaction between natural convection and surface
radiation in a rectangular wavy enclosure.

2 Problem description and mathematical
formulation

2.1 Description of the physical model

Computational domain and boundary conditions are
shown schematically in Figure 1. The physical model of
2D shallow and tilted rectangular cavity filled with a
transparent fluid, consists of a wavy bottom wall heated
from below and cooled from the top at temperatures
TH = 318 K and TC = 308 K respectively. Therefore, the
two upper side walls are thermally insulated. All surfaces
are assumed gray, diffuse and opaque with the emissivi-
ties (εC), (εH) and (εL = εR = εo) for the top, bottom
and vertical sides, respectively. Therefore, the shape of
the wavy bottom wall is assumed to be sinusoidal, it’s
expressed as follow:

y = λ (cos(mx + π) − 1) with m = 2π/L

for − L/2 ≤ x ≤ L/2 (1)

In these figures, H , L and φ are the height, the length and
the inclination angle of the cavity while λ is the amplitude
of the wavy wall.

2.2 Mathematical formulation

The numerical model for heat transfer and fluid flow
in the shallow enclosure was developed under some as-
sumptions as steady state, laminar and incompressible
Newtonian fluid. Viscous dissipation and compressibility
effects are neglected. Also, the fluid properties are as-
sumed constant except the density in the buoyancy terms

of the momentum equations, which can be approximated
by the Boussinesq approach.

The mathematical formulation governing the two di-
mensional fluid flow and heat transfer can be written on
dimensionless form as:

∂Vi

∂Xi
= 0 (2)

Vj
∂Vi

∂Xj
= − ∂Pi

∂Xi
+

∂2Vi

∂Xj∂Xj
+

Ra

Pr
θ sin

(
φ + δi2

π

2

)
(3)

Vj
∂θ

∂Xj
=

1
Pr

∂2θ

∂Xj∂Xj
(4)

Assuming the non-slip flow, the relevant dimensionless
boundary conditions can be written as follows:

Vi = 0 and θ = 0 and εC (upper wall) (5)

Vi = 0 and θ = 0 and εH (bottom wavy wall) (6)

Vi = 0 and ± ∂θ

∂X1
+ NrQr = 0 and εL = εR = εo

(right and left side wall) (7)

In the above equations, P and θ are the dimensionless
pressure and temperature while Xi and Vi are the di-
mensionless Cartesian coordinates and corresponding ve-
locity components respectively. The dimensionless quan-
tities appearing in Equations (1)–(7) are the Rayleigh
and Prandtl numbers respectively, defined as: Ra =
gβ(TH − TC)L3/(να) and Pr = ν/α. While Qr and Nr

are the dimensionless net radiative flux and the net ra-
diation number respectively, Qr = qr/(σT 4

H) and Nr =
σT 4

H/(kΔT/L).

2.3 Radiation description

The radiation heat transfer is computed using the ra-
diosity formulation. All the enclosure walls are assumed
to be gray, diffuse and opaque with different emissivities.
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The cavity is filled with a radiatively non-participating
fluid (air, Pr = 0.71) such that, only the solid surfaces
contribute to the radiation exchange. Thus, the radiative
heat transfer is made only through the thermal boundary
conditions.

The dimensionless rate of heat loss (Qr,i) from the
ith discrete surface determined as the difference between
the outgoing radiosity and the incoming irradiance can
be expressed as follow:

Qr,i = Ji − Ei (8)

Where the dimensionless quantities Ji and Ei, are de-
fined as:

Ei =
N∑

j=1

(Jj ·Fij) (9)

Ji = εiΘ
4
i + (1− εi)Ei = εiΘ

4
i + (1− εi)

N∑
j=1

(Jj ·Fij) (10)

For numerical purposes, it is convenient to introduce the
Knonecker delta (δij), so that Equation (10) can be re-
arranged as:

εiΘ
4
i =

N∑
j=1

(δij − (1 − εi)·Fij)Ji i = 1, . . . , N (11)

where (N) is the number of total radiative surfaces along
the boundaries of the enclosures and εi is the emissivity of
the ith surface. The shape factor Fij from the ith element
to the jth element of the enclosure is determined using
Hottels crossed string method [25].

The mean Nusselt number, which is of a greater in-
terest in engineering applications, is used to evaluate the
heat transfer rate at the enclosure surfaces. To determine
heat transfer characteristics at the enclosure walls, contri-
butions of both convection and radiation should be taken
into account. Thus, the averaged global Nusselt number
along the cold wall is defined as the sum of the averaged
convective and radiative Nusselt numbers.

NuTot = Nuconv+Nurad = −
∫ 1

2

− 1
2

∂θ

∂Y
dX+

∫ 1
2

− 1
2

NrQrdX

(12)

3 Numerical procedure

The mass, momentum and energy balance (Equa-
tions (2)–(4)) subjected to the specified boundary con-
ditions (Equations (5)–(7)) are solved numerically using
a developed solver based on a control-volume method un-
der non-uniform grid system in x and y directions. The
described solver uses a pressure correction based on iter-
ative SIMPLER algorithm. The advective terms are dis-
cretized using a QUICK scheme whereas a second-order
central difference scheme is applied for the diffusion terms

(for more details, see [25]). To check the convergence of
the sequential iterative solution, the normalized residual
is calculated for the mass, momentum and energy equa-
tions. The convergence is obtained when the residual be-
comes smaller than 10−7.

3.1 Grid dependency and code validation

A curvilinear grid was generated to solve the problem
treated. To find an appropriate grid size, a grid testing
is performed using various grid combinations (46 × 46 to
201 × 201) of control volumes.

For each grid size, maximum stream function and av-
erage Nusselt number are calculated and summarized in
Figure 2b for Ra = 106, b = 1/12, φ = 0 and εi = 0.
Throughout this investigation, Nu and Ψmax remain al-
most the same for grids finer than 166× 166 which satis-
fies the grid dependency. Hence, considering both the ac-
curacy and the computational costs, most computations
reported in the current work were performed with a mul-
tiple grid system of 166 × 166. The mesh is refined and
focused near the walls where the most important gradi-
ents are located (cf. Fig. 3). Nevertheless, similar tests
were conducted for other Rayleigh numbers and the grid
size was adjusted accordingly.

Furthermore, extensive validations of the developed
code for coupled radiation and natural convection in
square cavity heated from bellow have been also done
against the results reported by Ridouane et al. [16]. The
computations have been performed in term of stream
function and mean convective and radiative Nusselt num-
bers for various Rayleigh numbers and emissivities. As
listed in Table 1, the comparisons are in good agreements,
providing sufficient confidence in present computations.

4 Results and discussion

Such as this investigation is dictated by the need to
understand the heat transfer mechanisms occurring usu-
ally in air solar collectors; different scenarios for conju-
gate natural convection and surface radiation in a tilted
slender cavity having one wavy wall were explored. For a
comparison purpose, Rayleigh number, aspect ratio (am-
plitude), inclination angle and surface emissivities (εC, εH,
and εo) are applied as the main effective parameters for
the combined mode of heat transfer.

4.1 Temperature and fluid pattern (streamlines
and isotherms)

4.1.1 Effect of the Rayleigh number and the wavy
wall amplitude

Buoyancy driven flow and temperature field inside
the enclosure are given by means of streamlines and
isotherms. Figures 4a–4b, illustrate the effect of Rayleigh
number and the wavy wall amplitude on the flow pattern
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Fig. 2. Grid dependency (Ra = 106, b = 1/12, φ = 0 and εL = εR = εH = εC = 0.

Fig. 3. Detail of the computational grid within the enclosure.

Table 1. Comparison between the present study and reference [16] for natural convection and radiation in a square cavity.

Ra ε Ψmax Ψmin Nuconv Nurad Nutotal

Reference [16] 12.137 –110.286 7.617 0 7.617
Present study 2 × 106 0 12.488 –113.139 7.586 0 7.586

(2.892) (2.587) (0.407) (0.407)
Reference [16] 6.612 –74.921 6.267 6.599 12.866
Present study 106 0.5 6.440 –76.202 6.081 6.706 12.787

(2.601) (1.710) (2.968) (1.614) (0.614)
Reference [16] 3.827 –45.372 4.722 11.462 16.183
Present study 4 × 105 1 3.721 –46.434 4.715 11.283 15.998

(2.770) (2.341) (0.148) (1.562) (1.143)

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

and temperature contours in the enclosure for both the
simple free convection and the combined mode. The cir-
culation force of the flow within the cavity takes place
by virtue of thermal buoyancy which is represented by
the Rayleigh number Ra. For small values of Ra (104),
the fluid motion involves two primary and symmetric
recirculating eddies of relatively weak velocity extend-
ing throughout the partitioned cavity with clockwise and
anti-clockwise rotations (0.0361 ≤ Ψmax ≤ 0.2303). The
isotherms plots are smooth curves which cover the en-
tire enclosure and present a symmetric behavior about

the vertical axis indicating that the conduction is the
dominant heat transfer mechanism. The isotherms val-
ues change smoothly from the hot to the cold wall with
a decreasing from the bottom to the top along the verti-
cal center line, thermal stratification reigns in the entire
domain.

An increase of Ra(106), due to the important tem-
perature gradient generates the faster recirculation rolls
(15.8846 ≤ Ψmax ≤ 27.2007). The convection increases
significantly and becomes stronger, such as isotherms
show plume-like shape and a multi-cell structure prevails
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(b) 
            Ra=104                     Ra=106 

             max=0.0361             max=15.8846 

  
             max=0.0704             max=19.3558 

  
             max=0.1155             max=22.3890 

  
             max=0.1696             max=24.9787 

  
             max=0.2303             max=27.2007 

 

(a) 
            Ra=104                     Ra=106 

             max=0.0276             max=12.1808 

   
             max=0.0539      max= 14.8305 

  
             max=0.0884       max=17.1478 

  
            max= 0.1298           max= 19.1205 

  
           max= 0.1763      max= 20.7927 

Fig. 4. Streamlines (right) and isotherms (left) for horizontal collector φ = 0 and b = 1/24, 1/16, 1/12, 5/48 and 1/8. (a) εi = 0
(pure convection) (b) εC = 0.9, εH = 1 and εo = 0.5 (pure convection).

in the enclosure. By using the same boundary conditions
for the left and right sides, the pairs of cells are close to
each other and present a similar symmetric shape about
the vertical center line. Each pair of cells rotates in the
clockwise and in counterclockwise direction, respectively.
Thus, the appearance of the plume is expected to improve
the heat transfer and promotes the convection mechanism
against conduction. It’s clearly observed that the buoy-
ancy strength induces the increasing vortices for higher
Ra number; this is owing to the dominating influence of
the convective current in the cavity.

The streamlines and isotherms structures change with
the variation of the dimensionless wave amplitude (b).
The flow is accelerated when the shape parameter (b)
increases accompanied by a significant distortion in the
temperature contours, especially in the core region. The
parameters governing the plume formation are Rayleigh
number and aspect ratio (b). Moreover, the temperature
contours are concentrated and compressed toward isother-
mal walls.

It is noteworthy that, according to the mathematical
model, especially in view of the boundary conditions it is
clear that surface radiation does not alter the flow field
in the core region. Indeed, when εi = 0 (pure convec-
tion, Fig. 4a) isotherms are normal to the insulated walls
whereas in coupled mode (εi �= 0, Fig. 4b) the isotherms
appear inclined due to the radiative heat exchange. This,
in turn, alters significantly the gradient temperature near
the adiabatic walls. So the temperature distribution at

the adiabatic walls depends on the heat exchange by both
convection and surface radiation.

4.1.2 Effect of the tilt angle

Figure 5 shows the effect of the tilt angle (φ) on the
flow patterns and isotherms within the enclosure for as-
pect ratio b = 1/12 and various Rayleigh numbers (103

and 107) when εC = 0.9, εH = 1 and εo = 0.5. At φ = 0,
whatever the number of Rayleigh, the results in terms of
fluid flow and temperature distribution are symmetrical
along the vertical axis passing through the center of the
cavity as mentioned above.

For small Rayleigh numbers (Ra = 103), the variation
of the inclination angle changes the flow structure from
bi-cellular behavior obtained for horizontal case (φ = 0)
to unicellular structure occupying the entire cavity for
inclined collector (φ > 0). The flow is slightly accel-
erated and rotates in clockwise and the isotherms are
smooth curves covering the entire enclosure. For largest
buoyancy forces (Ra = 107), increasing the tilt angle
leads to slow down the fluid flow so its strength de-
creases (φ = 0 Ψmax = 76.2203; φ = 15Ψmax = 55.8704;
φ = 30Ψmax = 70.0381; φ = 60Ψmax = 57.7181 and
φ = 90Ψmax = 48.5412). This generates a single-cell struc-
ture, by merging primary cells with the secondary ones,
also for highest tilt angles values (φ = 60), minor cells
are formed within the main circulation cell. Thermally,
a significant distortion of thermal plume appears so that
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Fig. 5. Effect of inclination angle (φ) on isotherms (a) and streamlines (b): a = 1/6 and b = 1/12 and εC = 0.9, εH = 1 and
εo = 0.5.

isotherms are deformed in the sense of inclination. It fol-
lows the appearance of two thermal boundary layers char-
acterized by strong thermal gradients, located in the up-
per right and lower left parts, respectively.

4.1.3 Effect of surface emissivities

Figure 6 allows us to analyse the surface radiation ef-
fect on isotherms and streamlines inside the enclosure for
horizontal and vertical collector, respectively for φ = 0◦
and φ = 90◦. It’s clear that the surface radiation for the
emissivity (εi ≥ 0.5) has minimal effect on the stream-
lines and isotherms. On the other hand, a slight variation
in emissivity affects the flow structure and the temper-
ature distribution only near the insulated walls. Indeed,

for low emissivity (εi ≤ 0.5), the isothermal lines are ver-
tical to the insulated walls, while for higher emissivity
(εi ≥ 0.5) isotherms appear inclined. Note that the vari-
ation of the emissivity of cold wall has a greater effect
on the flow structure and the temperature distribution,
compared with the effect of other emissivities (εH; εo).

4.2 Heat transfer

4.2.1 Local Nusselt number

Heat transfer rate is presented in terms of local and
average Nusselt numbers along the cold wall. Figure 7
depicts the variation of local Nusselt number in pure free
convection (Figs. 7a–7b) and combined surface radiation
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Fig. 6. Effect of surface emissivity on streamlines (right) and isotherms (left) for Ra = 106, a = 1/6; b = 1/12; φ = 0 and 90.
(a) εH = 1; εo = 0.5 and εC = εi = 0.1, 0.5 and 0.9. (b) εC = 0.9; εo = 0.5 and εH = εi = 0.1, 0.5 and 0.9. (c) εH = 1; εC = 0.9
and εo = εi = 0.1, 0.5 and 0.9.

and free convection (Figs. 7c–7f), respectively. The curves
drawn against X (Figs. 7a and 7c–7e) show that for all
Rayleigh numbers, the local Nusselt values are symmet-
ric with respect X = 0. The peaks observed in convective
Nusselt numbers, correspond to the tightening of the ther-
mal boundary layer along the cold wall. The minimum
heat transfer rate, resulting from the relaxation of the
thermal boundary layer occurs at the middle wall as seen
from streamlines and isotherms contours. As a result of
decreasing Ra number, the convective heat transfer rate
along this wall decreases such that these curves become
gradually smooth and tend to conduction regime results.
The contribution of radiative walls is also shown in Fig-
ures 7c–7f, thus for a fixed Ra number the local radia-
tive Nusselt number follows a parabolic trend along the
cold wall. It is noteworthy that in the absence of thermal
radiations the total Nusselt number coincides with the
convective Nusselt number (Figs. 7a–7b).

The variation of the local Nusselt numbers with the
tilt angle (φ) is shown in Figure 7d. As predicted, the lo-
cal convective Nusselt number (Nuxconv) changes from a
symmetrical shape for horizontal configuration to asym-

metrical shape for inclined cavity (φ > 0). The same effect
is noted when changing the dimensionless amplitude (b),
with a slight variation in the convective Nusselt values,
as shown in Figures 7e and 7f. It should be observed that
the local radiative Nusselt number does not change with
φ or b.

4.2.2 Average Nusselt number

The variation of average Nusselt number calculated
by integrating the local Nusselt distribution is utilized to
evaluate the overall heat transfer rate for different values
of Ra as illustrated in Figures 8 and 9 and Tables 2 and 3.
To highlight the effects produced by changing the wavy
wall amplitude (λ) on the heat transfer at the transpar-
ent cover, Figures 8a–8c depict the mean convective and
radiative Nusselt numbers following different inclination
angles. Regardless the dimensionless amplitude (b), when
the heat transfer is only due to conduction, the Rayleigh
number does not entail any significant variation on
convective heat transfer and (Nuconv) remains unchanged
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       (a) (b) 

    
         (c) (d)  

   

         (e)                  (f) 

Fig. 7. Local Nusselt numbers versus the distance X: (a) and (b) pure convection (εi = 0) – (c) (d) (e) and (f) coupled mode
(εC = 0.9, εH = 1 and εo = 0.5).

whether increasing Ra. Also, when the heat transfer is
mainly due to convection, increasing Rayleigh number
produces the higher buoyancy-induced flow within the en-
closure, consequently the higher convective Nusselt num-
ber. Furthermore, it is observed that (Nuconv) depends
closely on both the amplitude of the wall and the incli-
nation of the cavity. So, when the heat transfer is only

due to conduction, increasing the aspect ratio (b) reduces
the mean convective Nusselt number. The reversed phe-
nomenon is observed when the heat transfer is mainly due
to convection, i.e. an increase in (b) raises the convective
Nusselt number.

Based on the results obtained numerically through-
out this work, we could see considerable influence of the
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Table 2. Averaged global (NuTot) and convective (NuConv) Nusselt numbers: Comparison between simulation (Sim.) and
correlation (Cor.) data for b = 1/12.

(φ) 0 15 30 45 60 75

NuTot: Combined mode (εC = 0.9, εC = 1 and εo = 0.5)

Ra Res. Cor. Res. Cor. Res. Cor. Res. Cor. Res. Cor. Res. Cor.

104 9.50 9.56 9.50 9.40 9.50 9.46 9.51 9.50 9.51 9.57 9.52 9.65

106 35.12 35.44 34.81 35.24 32.51 33.28 32.91 33.60 33.19 34.01 33.54 34.44

Nuconv: Pure convection (εi = 0)

104 4.39 4.44 4.39 4.45 4.40 4.47 4.40 4.54 4.41 4.59 4.41 4.61

106 11.79 11.82 11.32 11.27 9.01 9.22 9.55 9.55 9.82 9.72 9.88 9.77

Table 3. Effect of surface emissivity on Nutotal (φ = 0◦ and Ra = 106) A: (εH = 1, εo = 0.5, εi = εC); B: (εC = 0.9, εo = 0.5,
εi = εH); C: (εH = 1, εC = 0.9, εi = εo).

Nutotal εi = 0 εi = 0.2 εi = 0.4 εi = 0.6 εi = 0.8 εi = 1
b =1/24 12.929 18.089 23.146 28.102 32.622 37.326
b =1/16 10.536 15.843 22.446 27.593 32.589 37.472

A b =1/12 10.896 16.109 22.533 27.680 32.669 37.550
b =5/48 11.153 16.384 22.588 27.724 32.713 37.592
b =1/8 11.345 16.562 22.671 27.760 32.738 37.613
b =1/24 12.448 17.532 22.295 26.763 30.960 34.907
b =1/16 12.552 17.726 22.527 26.994 31.157 35.043

B b =1/12 12.623 17.912 22.759 27.216 31.325 35.122
b =5/48 12.669 18.093 22.989 27.429 31.472 35.166
b =1/8 12.712 18.265 23.202 27.619 31.595 35.187
b =1/24 34.998 34.931 34.908 34.909 34.923 34.944
b =1/16 35.121 35.061 35.043 35.047 35.062 35.083

C b =1/12 35.196 35.139 35.122 35.125 35.139 35.159
b =5/48 35.238 35.183 35.165 35.168 35.181 35.200
b =1/8 35.254 35.202 35.186 35.193 35.204 35.225

Fig. 8. Influence of aspect ratio (b) on the convective and radiative Nusselt numbers for φ = 0◦, 45◦ and 90◦ (εC = 0.9, εH = 1
and εo = 0.5).
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Fig. 9. Tilt angle (φ) and dimensionless amplitude (b) effects on average convective and radiative Nusselt number for εC = 0.9,
εH = 1 and εo = 0.5.

inclination angle and aspect ratio and flow regimes on
the Nusselt number. Therefore, an empirical adjustment
of the test data was carried out, which allowed to de-
duce two correlations corresponding respectively to cases
pure convection and to coupled convection-surface radia-
tion modes. Table 2 summarizes the comparison between
simulation and correlation data for the global Nusselt
number defined as the sum of convective and radiative
Nusselt-numbers. In pure convection (εi = 0) the total
Nusselt number coincides with the convective Nusselt. As
previously shown, the radiation increases the total heat
transfer markedly. For the considered configuration, the
following correlations are suggested to approximate the
convective and global Nusselt numbers. These correla-
tions are expressed as:

– Coupled mode (NuTotal)

NuTotal =
0.972 + A1(cos(φ))n

√
b

+ (0.901 + A2(cos(φ))1.281)
√

bRa
1−b
2.642

– Pure convection (Nu)

Nu = ((4.751 − 0.216t(cos(φ))2.939)
√

1 − b)

−(12.490+A1(cos(φ)n))
(

e−
(

A2+A3(cos(φ))n

1−b

)
Ra×10−7 − 1

)

Nuconv Nutot

φ < 30 φ ≥ 30 φ < 30 φ ≥ 30
A1 6.988 –0.198 –0.106 0.031
A2 3.716 4.972 0.03 –0.053
A3 0.726 -0.981 – –
n 5 5 –10 5

where Ra is the Rayleigh number, b the dimensionless
wavy wall amplitude and φ the tilt angle of the collector.
The correlation Eqs valid for the following range of pa-
rameters Ra ≤ 8× 106, 1/24 ≤ b ≤ 1/8 and 0◦ ≤ φ ≤ 90◦
are quite agreed with the numerical data obtained from
the simulations with an error not exceeding 5%.

These findings are confirmed in Figure 9, for all dimen-
sionless amplitude (b). The tilt angle has significant effect
on the convective Nusselt number when convection pre-
vails in the entire cavity (Re = 106). Indeed, Nuconv de-
creases sharply for an inclination angle included between
0◦ and 40◦ and increases in the range 40◦–50◦ to remain
constant for higher values. Furthermore, the aspect ra-
tio (b) has an insignificant effect on Nurad as previously
noted (due to reference lengths adopted). In addition, the
convective Nusselt number is greater than the radiative
Nusselt number for low values of Rayleigh number, the
opposite phenomenon is observed for large values of Ra.

Finally, Table 3 summarizes the effect of surface emis-
sivity of the cold wall (A), hot wall (B) and insulated
wall (C), respectively, on the average Nusselt for φ = 0◦
and Ra = 106. As shown, isolated wall emissivity has
little effects on the total Nusselt number which remains
substantially constant (NuTot = 35) regardless of the
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ratio b. In other cases (A) and (B), the total Nusselt num-
ber increases gradually with the increasing in the corre-
sponding wall emissivity. However, it will be noted that
for εi less than 0.4, the total Nusselt numbers in case
(A) are beneath that those of the case (B), this trend is
reversed for large values of the emissivity (εi > 0.4).

5 Conclusion

Interaction between natural convection and surface ra-
diation in an inclined cavity with a wavy wall heated from
below and filled with a transparent fluid has been stud-
ied. The effect of several parameters such as the ampli-
tude undulation, surface radiation and aspect ratio for
a selected range of Rayleigh number (103–107) and tilt
angle covered (0◦–90◦) have been examined. The numer-
ical results obtained in terms of Nusselt number, stream-
lines and isotherms were reported and led to the following
conclusions:

– The flow structure and the heat transfer rate depend
heavily on the undulation depth, inclination angle of
the cavity, Rayleigh number and surface radiation.

– Independently of surface radiation, up to Ra = 5×104,
the conduction is the prevailing mode of heat transfer;
beyond this value the convection becomes predomi-
nant. The flow remains steady state until Ra = 107

then an oscillatory flow is observed.
– It should be noted that for lower Ra number when

diffusion is dominating, the convective heat transfer
rate decreases with increasing the wavy wall ampli-
tude. This tendency is reversed for largest Ra values
where convection plays an important role. There, the
convective heat transfer rate increases with increasing
the amplitude of the wavy wall.

– The surface radiation has an important effect, espe-
cially in the range of the cold wall emissivity variation
(0–0.4).

– The variation of the dimensionless amplitude (b) has
a greater effect on the convective heat transfer rate in
the range of tilt angle φ = 30◦–45◦.

– Heat transfer (convective and radiative) depends par-
ticularly on the emissivity walls of the cavity.
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Mécanique 334 (2006) 48–57

[18] H. Bouali, A. Mezrhab, H. Amaoui, M. Bouzidi,
Radiation-natural convection heat transfer in an inclined
rectangular enclosure, Int. J. Thermal Sci. 45 (2006) 553–
566

[19] A. Mezrhab, M. Jami, M. Bouzidi, P. Lallemand, Analysis
of radiation-natural convection in a divided enclosure us-
ing lattice Boltzmann method, Comp. Fluids 36 (2007)
423–434

302-page 12



D. Sadaoui et al.: Mechanics & Industry 17, 302 (2016)

[20] S. Amraqui, A. Mezrhab, C. Abid, Computation of cou-
pled surface radiation and natural convection in an in-
clined “T” form cavity, Energy Conversion Management
52 (2011) 1166–1174

[21] R. Alvarado, J. Xamán, J. Hinojosa, G. Álvarez,
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