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Abstract. Fluids engineering is extremely important in a wide variety of materi-
als processing systems, such as soldering, welding, extrusion of plastics and other
polymeric materials, Chemical Vapor Deposition (CVD), composite materials man-
ufacturing. In particular, mixed convection due to moving surfaces is very impor-
tant in these applications. Mixed convection in a channel, as a result of buoyancy
and motion of one of its walls has received little research attention and few guide-
lines are available for choosing the best performing channel configuration, particu-
larly when radiative effects are significant. In this study a numerical investigation
of the effect of radiation on mixed convection in air due to the interaction between a
buoyancy flow and an unheated moving plate induced flow in a uniformly heated
convergent vertical channel is carried out. The moving plate has a constant veloc-
ity and moves in the buoyancy force direction. The principal walls of the channel
are heated at uniform heat flux. The numerical analysis is accomplished by means
of the commercial code Fluent. The effects of the wall emissivity, the minimum
channel spacing, the converging angle and the moving plate velocity are investi-
gated and results in terms of air velocity and temperature fields inside the channel
and wall temperature profiles, both of the moving and the heated plates, are given.
Nusselt numbers, both accounting and not for the radiative contribution to heat
removal, are also presented.

AMS subject classifications: 80M12, 80A20
Key words: Mixed convection, moving surfaces, convergent channels, radiative effects.

1 Introduction

Mixed convection due to moving surfaces is very important in a wide variety of ma-
terials processing systems, such as soldering, welding, extrusion of plastics and other
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polymeric materials, hot rolling, cooling and/or drying of paper and textiles, Chemi-
cal Vapor Deposition (CVD), composite materials manufacturing, as reviewed in [1–3].
Mixed convection with continuously moving vertical surfaces in a quiescent fluid was
mostly investigated with reference to a single moving plate, as reported in [4, 5].

An analytical investigation on forced, mixed and natural convection for vertical
and inclined moving sheets was carried out in [6]. The investigation underlined a
significant velocity overshoot within the boundary layer as the buoyancy parameter
increased and the buoyancy effect was more pronounced at lower Prandtl numbers.
Correlations for inclined moving surfaces in mixed convection either with uniform
surface heat flux or with uniform surface temperature were developed in [7]. The
effect of buoyancy forces on flow and heat transfer over a moving heated vertical
or inclined surface in a fluid was studied in [8]. The surface moved at non-uniform
velocity and both the uniform wall temperature and uniform wall heat flux conditions
were considered. The Nusselt number increased with the buoyancy parameter, the
Prandtl number and the stream-wise distance. Moreover, the Nusselt number for the
uniform wall heat flux case was larger than that in the uniform wall temperature case.

The effects of the radiation in the numerical and analytical analysis of heat trans-
fer from a moving surface to the environment are very important. Kuiken [9] studied
the heat transfer from a small continuously moving isothermal electric resistance to a
still fluid. Karwe and Jaluria [10, 11] investigated numerically the heat transfer from
a continuously moving isothermal plate to a still environment and compared predic-
tions obtained by solving boundary layer equations with those obtained by solving
complete elliptic equations.

Heat transfer in a convergent channel with two uniformly heated flat plates is also
an interesting problem. The determination of the thermal performance of these con-
figurations is rather difficult because of the large number of thermal and geometric
variables, such as the converging angle, the minimum channel spacing and the im-
posed wall heat flux. Some papers dealt with natural convection in air in convergent
channels [12–17]. A numerical study of steady, laminar, mixed convection heat trans-
fer from volumetrically heat generating converging, parallel and diverging channels
was carried out in [18]. Air was the working fluid. The maximum angle of devia-
tion of the channel plates from the vertical position for the converging and diverg-
ing channels was 2◦ and −2◦, respectively. A parametric study was carried out for a
wide range of physical and geometrical parameters to investigate their effect on the
fluid flow and heat transfer characteristics. A universal correlation was presented to
evaluate the non-dimensional maximum temperature occurring in converging, par-
allel or diverging channels. A numerical investigation of mixed convection in air in
a convergent vertical channel, due to the interaction between a buoyancy flow and
a moving plate induced flow, was presented in [19]. The plate was adiabatic and
moved at a constant velocity in the buoyancy force direction whereas the principal
inclined walls of the channel were heated at uniform heat flux. The numerical analy-
sis was carried out by means of the finite volume method, using the commercial code
Fluent. The effects of the minimum channel spacing, wall heat flux, moving plate
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velocity and converging angle were investigated. The effect of the converging angle
on the wall temperatures was less marked at the larger channel spacing. Nusselt,
Reynolds and Richardson numbers were correlated by a monomial equation for each
converging angle and a unique monomial correlation for all investigated angles in the
2.1 × 10−2 − 5.1 × 105 Richardson number range was presented. The same configu-
ration was analyzed in [20]. The effects of the channel spacing, the wall heat flux,
the moving plate velocity and the converging angle on the air streamlines and tem-
perature fields were investigated. For all analyzed heat fluxes, streamlines showed
that, when mere natural convection occurred, buoyancy forces drew upwards the air
in the channel. Moreover, downstream of the channel exit section the air mass flow
rate leaving the channel dragged some air mass flow rate from the surrounding ambi-
ent. When the adiabatic plate moved, air was dragged upwards not only by buoyancy
forces but also by the moving plate. The temperature fields confirmed the fluid dy-
namic behavior in the analyzed system.

To the authors’ knowledge, there are few studies on the radiation effects on mixed
convection in a heated vertical convergent channel with a moving plate.

In the present study the numerical investigation presented in [19, 20] has been
extended to the analysis of radiation effects. The principal walls of the channel are
heated at uniform heat flux. In the mid-plane of the channel an unheated plate moves
at a constant velocity in the buoyancy force direction. The problem is solved numer-
ically and results are obtained by means of a finite volume method. Heat conduction
in the heated plate together with radiative heat transfer is considered. The effects of
the wall emissivity, the minimum channel spacing, the converging angle and the mov-
ing plate velocity are investigated and results in terms of air velocity and temperature
fields inside the channel and wall temperature profiles, both of the moving and the
heated plates, are given. Nusselt numbers, both accounting and not for the radiative
contribution to heat removal, are also presented.

2 Mathematical description and numerical procedure

The investigated physical domain is shown in Fig. 1(a). It consists of a vertical conver-
gent channel with an auxiliary unheated moving plate placed in its mid-plane. The
moving plate, also termed ”belt”, moves at a constant velocity in the buoyancy force
direction. Channel walls are heated at uniform heat flux, qw, and are thermally con-
ductive. The moving plate and the channel walls are assumed to be grey. The length
of the heated plates is L, their thickness is s, the minimum channel spacing is b. The
converging angle is θ. The working fluid is air.

The mixed convective flow in the vertical convergent channel is assumed to be
incompressible. Moreover the system is assumed to be wide enough along the third
coordinate to allow a 2D approximation. All thermophysical properties of the fluid
are assumed to be constant, except for the dependence of density on the temperature
(Boussinesq approximation). The thermophysical properties of the fluid are evalu-



A. Andreozzi, N. Bianco and V. Naso / Adv. Appl. Math. Mech., 3 (2011), pp. 280-296 283

Unheated moving plate

Heated walls

Vb

y

x

O

qw qw

 

g

L

b

xw,p

n

Lx

Lx

Vb

y

x

O-E*

qw

L

b/2

Ly/2

A
B

E D C

F*

 

M

G H

I

F

xw,p

(a) (b)
Figure 1: Sketch of the system: (a) physical domain; (b) computational domain.

ated at the ambient temperature, T0, which is assumed to be 300K in all cases. The
surroundings are assumed to be a black body at the temperature of 300K.

The governing equations, for the fluid region in steady state regime, are time-
averaged mass, Navier-Stokes and energy equations. A two-dimensional conduction
model in the heated wall is employed whereas the transport equations for k and ε
are formulated using the RNG k − ε model. The radiative heat flux from the heated
walls is then computed as the sum of the reflected fraction of the incident flux and the
emitted flux

qout = (1 − εw)qin + εwσT4
w, (2.1)

where
qin =

∫
r·n>0

Ir · ndΩ, (2.2)

with I the irradiation, W/m2; r the direction of the irradiation; n the normal to the
heated wall surface; Ω the solid angle, sr.

Nusselt numbers will be based on the difference between the heated walls and
the inlet fluid temperatures, rather than on that between the heated walls and the
bulk fluid temperatures, since the latter one cannot be easily measured in practical
applications. The channel Nusselt number and the overall channel Nusselt number
are defined as:

Nu =
qcb(

Tw,p − T0
)
k f

, Nu∗ =
(qc + qr)b(

Tw,p − T0
)
k f

, (2.3)

where Tw,p is the average surface temperature of the heated plates

Tw,p =
1
L

∫ L

0
Tw,p(xw,p)dxw,p,
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Table 1: Boundary conditions for the fluid domain.

u v T Zone
∂u
∂y = 0 ∂v

∂y = 0 Tf = 300K or
∂Tf
∂y = 0 BC, HI

∂u
∂x = 0 ∂v

∂x = 0 Tf = 300K or
∂Tf
∂x = 0 AB, IM

u = 0 v = 0 ±k f
∂Tf
∂x + qr = 0 CD, GH

u = 0 v = 0 k f
∂Tf
∂x ± qr = ks

∂Ts
∂x and Ts = Tf DE, FG

u = 0 v = 0 k f
∂Tf
∂n = ks

∂Ts
∂n + qw + qr and Ts = Tf EF

u = Vb v = 0 −k f
∂Tf
∂y + qr = 0 AM

Table 2: Boundary conditions for the solid domain.

T Zone

k f
∂Tf
∂n = ks

∂Ts
∂n + qw + qr and Ts = Tf EF

k f
∂Tf
∂x ± qr = ks

∂Ts
∂x and Ts = Tf DE, FG

∂Ts
∂n = 0 GD

and qc and qr are the spatially-averaged convective and radiative heat fluxes, respec-
tively

qc =
1
L

∫ L

0
qc(xw,p)dxw,p, qr =

1
L

∫ L

0
qr(xw,p)dxw,p. (2.4)

It is worth noticing that a separate evaluation of qc and qr is very difficult in practice.
The sum qc + qr is not equal to the dissipated heat flux qw because of the conductive
heat losses toward the ambient through the lower and upper edges of the walls.

From a numerical point of view an enlarged computational domain has been cho-
sen. It is made up of the channel and of two Lx high and Ly wide reservoirs down-
stream and upstream of the channel, to simulate the free-stream conditions of the flow
far away from the region of the thermal disturbance induced by the heated channel
walls. The moving plate extends from the lower to the upper reservoir and its height
is Lb = L cos θ + 2Lx. Thanks to thermofluidynamic and geometrical symmetries, the
problem is solved in half the domain, as shown in Fig. 1(b). The boundary conditions
for the fluid and solid domains are reported in Tables 1 and 2, respectively, where qw
is the imposed wall heat flux introduced in the model as a flux discontinuity at the
solid-fluid interface.

The commercial CFD code Fluent was employed to solve the governing equations.
The SIMPLE scheme was chosen to couple pressure and velocity. The comparison be-
tween results obtained with Discrete Ordinates (DO) and Discrete Transfer Radiative
Model (DTRM) in terms of heated plate and belt temperature profiles is reported in
Fig. 2, for qw = 120W/m2, b = 20mm, θ = 10◦ and Vb = 1m/s. The maximum percent
difference between temperature values obtained with the two models was about 4%.
The DO model was chosen [21]. The converging criteria were 10−6 for the residuals of
the velocity components and 10−8 for the residuals of the energy.
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Figure 2: Comparison between wall temperatures predicted by DTRM and DO radiative models, for qw =
120W/m2, b = 20mm, θ = 10◦ and Vb = 1m/s: (a) heated plate; (b) unheated plate.

Preliminary results showed that the chosen turbulent model (RNG k − ε) was suit-
able also for laminar flow. Moreover, the RNG k − ε was chosen because it provides an
analytically-derived differential formula for effective viscosity that accounts for low
Reynolds number effects. The enhanced wall treatment approach was employed since
it is the most suitable when low-Reynolds-number affects the whole flow domain and
for buoyancy-driven flows [21]. Several preliminary tests were carried out to make
due allowance for the effect of turbulence parameters, k and ε, at the inlet. Assuming
that the fluid comes from a quiescent zone, the distributions for k and ε were taken as
uniform and equal to 10−6. Moreover, the pressure upstream and downstream of the
channel is set equal to the ambient pressure far away from the region of the thermal
disturbance induced by the channel heated plate.

A preliminary study was performed to determine such a grid as to ensure its inde-
pendence of the main variables, such as the channel Nusselt number. Computations
have been made for θ = 10◦, b = 20mm, qw = 30 and 120W/m2 and Vb = 0 and
1.0m/s on three different grids, as reported in Table 3. The maximum percent differ-
ence between the channel Nusselt number value predicted with mesh 2 and mesh 3
is 3.0% when the belt is motionless and 2.5% for Vb = 1m/s. Thus, results reported
in this paper have been obtained with the mesh 2, which ensured a good compromise
between the computational time and the accuracy. The Lx = 0.400m and Ly = 0.800m
reservoirs dimensions ensure that solution to the problem is independent of the reser-
voirs size.

Table 3: Number of subdivisions of the computational domain for three different meshes.

Mesh Convergent channel Reservoirs
# 1 160 × 16 120 × 120
# 2 320 × 32 240 × 240
# 3 640 × 64 480 × 480
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3 Results and discussion

In the following air streamlines and temperature fields are presented for air (Pr =
0.71), for a heated plates length L = 0.406m, for minimum channel spacings b = 10
and 20mm, for a wall heat flux qw = 120W/m2, for convergence angles θ = 0◦, 2◦

and 10◦, for belt velocities Vb = 0 and 1m/s. The heated plates thickness s is equal to
3.2mm. When Vb = 0m/s pure natural convection occurs. Predictions obtained using
a model with negligible radiative heat transfer will be compared with predictions de-
rived assuming the heated walls of the channel and the moving plate to be grey with
surface emissivities equal to 0.90 and 0.20, respectively.

Air streamlines, for qw = 120W/m2, b = 10mm, θ = 2◦ and for all the investigated
values of the belt velocity and the walls emissivity are presented in Figs. 3(a) and (b),
where radiative heat transfer is neglected, and in Figs. 3(c) and (d), where radiation
is accounted for. Fig. 3(a) shows that when mere natural convection (Vb = 0m/s) oc-
curs and radiation is not taken into account (εp = εb = 0) buoyancy forces draw the
air upwards in the channel. The closer the fluid to the heated wall the stronger the
buoyancy forces effects and, therefore, the larger the velocity of the fluid. Turning to
the case with Vb = 0m/s and εp = 0.90 and εb = 0.20, Fig. 3(c) exhibits a distribution
of the streamlines similar to that in Fig. 3(a), with the velocity of the fluid near the
unheated plate larger than that with εp = εb = 0. The increase in the fluid velocity de-
pends on the increase in the temperature of the unheated plate that, on turn, depends
on the irradiative from the heated walls of the channel. When the belt moves air is
dragged upwards both with (Fig. 3(d)) and without (Fig. 3(b)) radiative heat transfer
and we can notice that the fluid velocity is larger in the proximity of the moving plate.
The similar distribution of the streamlines in the two afore mentioned cases indicates
that the fluid velocity is mainly affected by drag forces. One can argue that when the
belt moves, the fluid flow is nearly independent of the buoyancy forces.

In order to appreciate the effect of the boundary conditions used in this work, a
picture reporting air streamlines in the whole computational domain is presented in
Fig. 4 for qw = 120W/m2, b = 10mm, θ = 2◦, Vb = 1m/s, εp = 0.90, εb = 0.20.

Air streamlines for θ = 10◦, all other quantities being the same as those in Fig. 3, are
presented in Fig. 5. As it was to be expected the comparison between each couple of
corresponding configurations in Figs. 3 and 5 shows a larger effect of the radiation in
those with the larger converging angle, because of the larger view factor between the
channel walls and the surroundings. In Fig. 5(a), concerning natural convection with
no radiation, a counter-clockwise vortex in the channel can be noticed. As a matter of
fact, because of the marked decrease in the cross sections of the converging channel,
not all the air flow rate dragged upwards from the lower reservoir by buoyancy forces
exits the end section of the channel. Consequently, the air flow chokes and a vortex
region occurs in the channel. The effect of radiation is pointed out in Fig. 5(c), where
air velocities larger than those in Fig. 5(a) are exhibited close to the unheated still plate,
whose temperature is increased by radiation from the heated walls. A fraction of the
air flow rate is first dragged downwards in the channel and then buoyancy forces close
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      a) b) c) d)

Figure 3: Air streamlines (kg/sm2), for qw = 120W/m2, b = 10mm and θ = 2◦: (a) Vb = 0m/s,
εp = εb = 0; (b) Vb = 1m/s, εp = εb = 0; (c) Vb = 0m/s, εp = 0.90, εb = 0.20; (d) Vb = 1m/s, εp = 0.90,
εb = 0.20.

Figure 4: Air streamlines (kg/sm2), for qw = 120W/m2, b = 10mm, θ = 2◦; Vb = 1m/s, εp = 0.90,
εb = 0.20.

to the heated wall drag it upward. Similar considerations can be made as far as the
mixed convection configurations are concerned (Figs. 5(b) and (d)). The moving plate
drags air from the lower reservoir but the flow rate is too large to allow the whole
air mass flow rate to reach the exit section of the convergent channel and, therefore,
a fraction of the flow inverts its direction and moves back to the inlet section of the

a) b) c) d)

Figure 5: Air streamlines (kg/sm2), for qw = 120W/m2, b = 10mm and θ = 10◦: (a) Vb = 0m/s,
εp = εb = 0; (b) Vb = 1m/s, εp = εb = 0; (c) Vb = 0m/s, εp = 0.90, εb = 0.20; (d) Vb = 1m/s, εp = 0.90,
εb = 0.20.



288 A. Andreozzi, N. Bianco and V. Naso / Adv. Appl. Math. Mech., 3 (2011), pp. 280-296

a) b) c) d)

Figure 6: Air streamlines (kg/sm2), for qw = 120W/m2, b = 20mm and θ = 2◦: (a) Vb = 0m/s,
εp = εb = 0; (b) Vb = 1m/s, εp = εb = 0; (c) Vb = 0m/s, εp = 0.90, εb = 0.20; (d) Vb = 1m/s, εp = 0.90,
εb = 0.20.

a) b) c) d)

Figure 7: Air streamlines (kg/sm2), for qw = 120W/m2, b = 20mm and θ = 10◦: (a) Vb = 0m/s,
εp = εb = 0; (b) Vb = 1m/s, εp = εb = 0; (c) Vb = 0m/s, εp = 0.90, εb = 0.20; (d) Vb = 1m/s, εp = 0.90,
εb = 0.20.

channel. A part of it is, on turn, dragged upwards by buoyancy forces close to the
heated wall. This effect is less marked in Fig. 5(d) than in Fig. 5(b), since the effect of
buoyancy forces is smaller when radiation contributes to the heat transfer.

Air streamlines for b = 20mm, all other quantities being the same as those in Fig. 3,
are presented in Fig. 6. Fig. 6(a), like Fig. 3(a), shows that velocities of the air are larger
in the proximity of the heated walls whereas one can remark that radiation increases

a) b) c) d)

Figure 8: Air temperature (K), for qw = 120W/m2, b = 10mm and θ = 2◦: (a) Vb = 0m/s, εp = εb = 0;
(b) Vb = 1m/s, εp = εb = 0; (c) Vb = 0m/s, εp = 0.90, εb = 0.20; (d) Vb = 1m/s, εp = 0.90, εb = 0.20.
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the air velocity near the motionless belt. Figs. 6(b) and (d) show that the upward
moving belt allows the whole air flow rate to exit the end section of the channel.

Air streamlines for θ = 10◦, all other quantities being the same as those in Fig. 6,
are presented in Fig. 7. We can remark in Fig. 7(a) a recirculation region in the channel,
whose extension, thanks to the larger exit section of the channel, is, however, smaller
than that exhibited in Fig. 5(a), where reference was made to the same configuration
apart from the difference in the minimum spacing (b = 10mm instead of b = 20mm).
Similarly to what occurred in the case for b = 10mm, also in the present case there is
no vortex when the radiative contribution is taken into account (Fig. 7(c)). Although
in the mixed convection configuration the distribution of streamlines in Figs. 7(b) and
5b as well as in Figs. 7(d) and 5(d) is very similar, we can notice that when b = 20mm
a larger fraction of the air flow rate reaches the exit section of the channel, because of
the larger spacing.

Air temperature fields for the same value of the process parameters as those in
Figs. 3, 5, 6, 7 are presented in Figs. 8-11, respectively. As far as the limiting case of
natural convection and no contribution of radiation is concerned, Fig. 8(a) points out
a developing thermal field in the lower half region near the heated wall of the chan-
nel, whereas a thin thermal boundary layer on the motionless belt is also exhibited
in Fig. 8(c), since in this case the contribution of the radiative heat transfer from the
heated walls raises the temperature of the belt. The maximum temperature of the air
is nearly the same in both cases. Passing from natural (Figs. 8(a) and (c)) to mixed
convection (Figs. 8(b) and (d)), we can notice that, both with and without the radiative
contribution, in the latter configuration the thermal boundary layer along the heated
wall is thinner and the air temperature is lower. Figs. 8(b) and (d) point out that the
difference between the maximum air temperatures determined by the radiative con-
tribution is always no larger than about 5K.

The comparison of Fig. 9 to Fig. 8 shows that increasing the converging angle de-
termines a slight increase in air temperatures. This is likely due to the recirculation
regions pointed out in Fig. 5, that choke the air flow, thus increasing air temperature.
Fig. 9(a) shows that the thermal field starts to develop near the leading edge of the
heated wall. The development of the temperature field ends in the region of the chan-
nel where the counter-clockwise vortex shown in Fig. 5(a) is located. One can also
notice that air close to the motionless belt starts to warm up in the channel region
where the vortex adjacent to the belt is transferring warmer air. In Fig. 9(c) slightly
lower temperatures and a developing temperature field also along the belt heated by
radiation from the channel wall are exhibited. The comparison of Figs. 9(b) and (d)
to the corresponding Figs. 9(a) and (c) points out both a larger dependence of temper-
atures on radiation and a far lower temperature of the belt in mixed than in natural
convection. Therefore one can conclude that the contribution of radiation to the heat
removal is larger when the belt moves.

Comparing Fig. 10 to Fig. 8 and Fig. 9 to Fig. 11, one can notice that increasing
the minimum channel spacing decreases the air temperature. Figs. 10(a) and (c) as
well as Figs. 10(b) and (d) allow to conclude that both in natural convection and in
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a) b) c) d)

Figure 9: Air temperature (K), for qw = 120W/m2, b = 10mm and θ = 10◦: (a) Vb = 0m/s, εp = εb = 0;
(b) Vb = 1m/s, εp = εb = 0; (c) Vb = 0m/s, εp = 0.90, εb = 0.20; (d) Vb = 1m/s, εp = 0.90, εb = 0.20.

a)    b)   c)     d) 

Figure 10: Air temperature (K), for qw = 120W/m2, b = 20mm and θ = 2◦: (a) Vb = 0m/s, εp = εb = 0;
(b) Vb = 1m/s, εp = εb = 0; (c) Vb = 0m/s, εp = 0.90, εb = 0.20; (d) Vb = 1m/s, εp = 0.90, εb = 0.20.

a) b) c) d)

Figure 11: Air temperature (K), for qw = 120W/m2, b = 20mm and θ = 10◦: (a) Vb = 0m/s, εp = εb = 0;
(b) Vb = 1m/s, εp = εb = 0; (c) Vb = 0m/s, εp = 0.90, εb = 0.20; (d) Vb = 1m/s, εp = 0.90, εb = 0.20.

mixed convection maximum air temperature in the configuration without radiation
is slightly larger than that in configuration with radiation. Once again an increase
in temperatures increasing the converging angle is exhibited in Fig. 11. Comparing
Figs. 11(a) and (b) to Figs. 11(c) and (d) shows that in this configuration maximum
temperatures with the radiative contribution are lower than without it.

Heated wall temperature profiles for θ = 0◦, 2◦, 10◦, b = 20mm, qw = 120W/m2

and Vb = 1m/s are reported in Fig. 12(a), for the cases where radiative heat transfer
is taken into account, and in Fig. 12(b), for the cases where radiative heat transfer is
neglected. The comparison between the two cases shows that temperature profiles for
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Figure 12: Heated wall temperature profiles, for qw = 120W/m2, b = 20mm and Vb = 1m/s: (a) εp = 0.90,
εb = 0.20; (b) εp = εb = 0.
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Figure 13: Belt temperature profiles, for qw = 120W/m2, b = 20mm and Vb = 1m/s: (a) εp = 0.90,
εb = 0.20; (b) εp = εb = 0.

θ = 0◦ are nearly the same, except in the upper part of the walls, whereas temperatures
are larger when radiative heat transfer is not accounted for, because of the larger val-
ues of both walls temperature and view factor toward the surroundings in this region
of the channel. Differences between temperature profiles in the two compared cases
increase as the converging angle increases, due to the increasing view factor toward
the lower reservoir.

The comparison with the case with negligible radiative heat transfer, in terms of
belt surface temperature profiles, is reported in Fig. 13 for the same values of process
parameters as those in the previous figure. For the parallel walled channel (θ = 0◦),
belt temperatures in the heated channel (0 ≤ x ≤ 406mm) are slightly larger in the case
with thermal radiation (εp = 0.90 and εb = 0.20) than in the other case (εp = εb = 0),
when the radiative heat transfer from the heated plate to the moving belt does not
contribute to the heating of the moving plate. Outside of the heated channel, belt
temperatures in the case with thermal radiation are smaller than those in the other
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Figure 14: Comparison between air
temperature profiles when radiative
effects are accounted for or neglected,
for qw = 120W/m2, b = 20mm, θ =
10◦ and Vb = 1m/s: (a) x = 0.0m;
(b) x = (L cos θ)/2; (c) x = L cos θ.

case, because of the larger cooling rate, caused by the radiative heat losses toward the
surrounding. One can notice that in the case without thermal radiation the moving
belt temperature begins to increase at an x value nearly equal to 0.12m, where the
thermal boundary layer thickness becomes equal to the channel spacing and the hot
fluid warms up the moving plate. When radiative heat transfer is taken into account,
moving belt temperatures begin to increase at the heated channel inlet section, because
of the radiative heat transfer and the view factor between the heated plate and the belt.
Increasing the converging angle the abscissa at which the moving belt temperature
begins to increase shifts upstream when radiative heat transfer is taken into account
(Fig. 13(a)) whereas it shifts downstream when radiation is neglected (Fig. 13(b)).

Differences in the predictions when radiation effects are accounted for or neglected
are pointed out in Figs. 14 and 15, where the profiles of air temperature and air x-
component velocity along the y coordinate, respectively, in three sections of the chan-
nel, for qw = 120W/m2, b = 20mm, θ = 10◦ and Vb = 1m/s: (a) x = 0.0m; (b)
x = (L cos θ)/2; (c) x = L cos θ are presented.

Fig. 14 shows that the larger the distance from the inlet section of the channel the
larger the effect of the radiative contribution on the air temperature. One can also
remark that in the exit section (x = L cos θ) the radiative contribution to the heat
removal strongly lowers the air temperature close to the heated walls whereas the
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Figure 15: Comparison between air x-
component velocity profiles when ra-
diative effects are accounted for or
neglected, for qw = 120W/m2, b =
20mm, θ = 10◦ and Vb = 1m/s: (a)
x = 0.0m; (b) x = (L cos θ)/2; (c)
x = L cos θ.

opposite occurs in the proximity of the unheated belt.
In Fig. 15 one can remark that the x-component of the air velocity is nearly unaf-

fected by the radiative contribution. However we can notice in the mid-height section
of the channel (Fig. 15(b)) that larger surface temperatures of the heated walls increase
air temperatures close to the surface that, on turn, increase the velocity of the air.

The channel Nusselt number and the overall channel Nusselt number, for b =
10mm and 20mm, Vb = 0 and 1.0m/s, θ = 2◦ and 10◦, are presented in Tables 4 and 5,
respectively.

Table 4: Channel Nusselt numbers.

b = 10mm b = 20mm
Vb = 0m/s Vb = 1m/s Vb = 0m/s Vb = 1m/s

θ = 2◦ 1.39 1.94 3.16 3.79
θ = 10◦ 1.46 1.38 3.02 2.86

Table 5: Overall channel Nusselt numbers.

b = 10mm b = 20mm
Vb = 0m/s Vb = 1m/s Vb = 0m/s Vb = 1m/s

θ = 2◦ 1.76 2.46 4.15 4.97
θ = 10◦ 2.06 2.12 4.41 4.48
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4 Conclusions

The effect of radiation on mixed convection in air due to the interaction between a
buoyancy flow and an unheated belt induced flow in a convergent vertical channel
was investigated numerically. The belt was located in the channel mid-plane and
moved at a constant velocity in the direction assisting the buoyancy effects, and the
channel walls were heated at uniform heat flux. Results showed that the effects of ther-
mal radiation were more marked when the belt was motionless. For the configuration
with θ = 10◦ and no radiation, a counter-clockwise vortex in the channel was noticed,
that, on the contrary, was not detected when radiative heat transfer was taken into
account. Temperature fields pointed out that the contribution of radiation to the heat
removal was larger when mixed convection occurred. Maximum temperatures with
radiative contribution were lower than without it. Wall temperature profiles showed
that the abscissa at which the temperature of the moving belt began to increase, de-
creased at increasing converging angles when radiative heat transfer was taken into
account, whereas the opposite occurred when radiation was neglected. The larger
the distance from the inlet section of the channel the larger the effect of the radiative
contribution on the air temperature. The x-component of the air velocity is nearly
unaffected by the radiative contribution.

Nomenclature

b minimum channel spacing, m
g acceleration due to the gravity, m/s2

I irradiation, W/m2

k thermal conductivity, W/m K
L heated plates length, m
Lb unheated plate length, m
Lx reservoirs height, m
Ly reservoirs width, m
n normal to the surface
Nu channel Nusselt number
Nu∗ overall channel Nusselt number
Pr Prandtl number
q heat flux, W/m2

r direction of the irradiation
s heated plates thickness, m
T temperature, K
u velocity component along x, m/s
v velocity component along y, m/s
Vb unheated plate velocity, m/s
x, y Cartesian coordinates, m
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Greek symbols

ε emissivity
θ converging angle, degrees
σ Stephan-Boltzmann constant, W/m2 K4

Ω solid angle, sr

Subscripts

b moving plate (belt)
c convective
f fluid
in incident
0 ambient
out from the surface
p heated plate
r radiative
s solid
w wall
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