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Abstract

Mixed convection heat transfer in a ventilated cavity is numerically studied by solving the mixed convection equations with the Bous-
sinesq approximation. Results are presented in terms of streamlines, isotherms and heat transfer for different combinations of the gov-
erning parameters namely, the Reynolds number (10 < Re < 5000), the Rayleigh number (10* < Ra < 10%) and the relative height of the
openings (B = /h'/H' = 1/4). The numerical results show the presence of a maximum interaction between the effects of the forced and
natural convection and the existence of different flow regimes. The latter are delineated in the Ra—Re plane and the values of Re sepa-

rating the different regions are determined and correlated versus Ra.
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1. Introduction

Mixed convection in ventilated cavities has received a
sustained attention, due to the interest of the phenomenon
in many technological processes, such as the design of solar
collectors, thermal design of buildings, air conditioning
and, recently, the cooling of electronic circuit boards. In
ventilated enclosures, the interaction between the external
forced stream and the buoyancy driven flow induced by
buoyancy forces could lead to complex flow structures. A
literature review on the subject shows that many authors
have considered mixed convection in ventilated enclosures.
Oosthuizen and Paul (1985) studied numerically mixed
convection heat transfer in a cavity with uniformly heated
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isothermal vertical walls and horizontal adiabatic walls.
The forced flow was considered either aiding or opposing
to the buoyancy force effect. The cold wall was provided
by two openings for the admission and the evacuation of
the forced stream. Papanicolaou and Jaluria (1990, 1993)
studied numerically the mixed convection transport from
an isolated heat source with a uniform heat flux input
within a rectangular enclosure. Their results showed that
the average Nusselt number increases by increasing the
Richardson/(Reynolds) number at a fixed Reynolds/(Rich-
ardson) number. Also, the heat transfer was found to
increase by increasing the solid wall thermal conductivity.
Later on, the same authors (Papanicolaou and Jaluria,
1994) studied mixed convection in a ventilated rectangular
cavity containing heat sources. The results presented show
that the interaction between the sources is strongly depen-
dent on their relative locations in the enclosure and their
height. A sustained oscillatory behavior was obtained for
Gr/Re* = 50. Mixed convection in a square enclosure with
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Nomenclature

A aspect ratio of the cavity (=L'/H')
B relative height of the openings (=/'/H’)

g acceleration due to gravity (m/s%)

" height of the openings (m)

H height of the cavity (m)

r total length of the cavity (m)

Nu normalized mean Nusselt number, Eq. (7)
Pr Prandtl number, Eq. (6)

q dimensional imposed heat flux (W/m?)

Ra Rayleigh number, Eq. (6)
Re Reynolds number, Eq. (6)

t dimensionless time (= #u /H')

T dime/nsionless fluid temperature (=(7"—T¢)/
(¢H'/2))

T dimensional fluid temperature (K)

Te temperature of the imposed cold flow (K)

z mean dimensionless temperature

T* modified mean temperature (=7 X Ra)

T .«  modified maximum temperature (=7yax X Ra)

(u,v)  dimensionless horizontal and vertical velocities

(= W, v)/u;)

u, dimensional velocity of the imposed flow (m/s)
(x,y) dimensionless Cartesian coordinates (=(x',))/
H)

Greek symbols
thermal diffusivity of fluid (m?%/s)

o
b thermal expansion coefficient of fluid (1/K)
A thermal conductivity of fluid (W/(K m))

v kinematic viscosity of fluid (m?/s)

Q dimensionless vorticity (=Q'H'/ul,)

Y dimensionless stream function (=¥’ /u,H')
Subscripts

C cold

f forced

m mixed

max  maximum

Superscript

! dimensional variables

a partially dividing partition was studied numerically by
Hsu et al. (1997). The results presented show that the aver-
age Nusselt number increases by increasing Re/(Gr/Re?) for
a given value of Gr/Re’/(Re). Results of the simulations
indicate that the heat dissipated from the source is maxi-
mum when the outflow opening is placed at the lower part
of the vertical wall. A better heat removal was also
obtained when the heat source was located as close as pos-
sible to the cold stream inlet opening. The case of transient
mixed convection in a square enclosure with a partially
dividing partition was also studied by How and Hsu
(1998). The conducting baffle was placed either on the bot-
tom or the top of the horizontal walls. Results of the study
show that the transient heat transfer and fluid flow struc-
ture are strongly dependent on the height and location of
the baffle and, generally, either higher values of Re or lower
values of Gr/Re* delay the achievement of the steady state
solutions. A numerical study was conducted by Hsu and
Wang (2000) on mixed convective heat transfer in an enclo-
sure containing discrete heat sources. The authors found
that both the thermal field and the Nusselt number are
strongly dependent on the position of the heat sources
and their conductivity ratio. Laminar mixed convection
in a two-dimensional enclosure with assisting and opposing
flows was studied numerically by Raji and Hasnaoui in the
case of a cavity uniformly heated from one side wall
(1998a) or with prescribed equal heat fluxes on the top
horizontal wall and the vertical left one (2000). The
obtained results show that the Re—Ra plane can be divided
in regions corresponding to the dominance of the forced
convection or to the mixed convection regime where the

maximum heat transfer (maximum thermal interaction
between forced and natural convection) and the limits
between both regimes were correlated in terms of Re versus
Ra. Manca et al. (2003) studied numerically the effect of the
heated wall position on mixed convection in a partially
open cavity. The results showed that the maximum temper-
ature values decrease by increasing the Reynolds and the
Richardson numbers. Also, the opposing forced flow con-
figuration was found to achieve the highest thermal perfor-
mance in terms of both maximum temperature and average
Nusselt number. Laminar mixed convection in a two-
dimensional enclosure, differentially heated, was studied
numerically by Singh and Sharif (2003). They reported that
maximum cooling effectiveness is achieved if the inlet and
the outlet openings are, respectively, located near the bot-
tom of the cold wall and the top of the hot wall. Laminar
double diffusion mixed convection in a two-dimensional
ventilated enclosure was numerically investigated by Deng
et al. (2004). Combined effects of the Grashof number, the
Reynolds number, the buoyancy ratio and the ventilation
mode on the indoor air environment were examined. A
numerical study of laminar mixed convection in a shallow
enclosure with a series of block-like heat generating com-
ponents with floor admission openings and ceiling extrac-
tion openings was conducted by Bhoite et al. (2005).
They reported that the effect of buoyancy becomes insignif-
icant for Re > 600. Combined free convection and forced
convection from a flush-mounted uniform heat source on
the bottom of a horizontal rectangular enclosure with
two exit ports, located at the top of the vertical walls,
was recently studied numerically by Saha et al. (2006).
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They found that the increase of Re or Gr value leads to
higher heat transfer coefficient, higher heat source temper-
ature and higher intensity of recirculating flow. Useful cor-
relations are proposed for the Nusselt number versus
Reynolds and Richardson numbers.

On the basis of the literature review, it appears that no
work was reported on mixed convection in a ventilated
rectangular enclosure within which both aiding and oppos-
ing flow cases are simultaneously encountered. Thereafter,
due to its practical interest, the subject needs to be further
explored to improve the knowledge in this field. Hence, the
aim of the present study consists in studying numerically a
mixed convection problem in a ventilated cavity submitted
to a constant heat flux on one of its vertical walls. In this
analysis, the forced flow enters the cavity through an open-
ing located in the middle of the heated vertical wall and
leaves it from an opening located in the opposite adiabatic
wall. This kind of ventilation supports a double interaction
between the buoyancy-induced flow and the forced flow. In
the lower part of the cavity, the forced flow injected in the
cavity promotes the natural convection motion while it
plays an opposing role vis-a-vis of the natural convection
flow developed in the upper part of the cavity. Thus, com-
bined effects of the Rayleigh number and the intensity of
the imposed flow (through the Reynolds number) on the
flow structure and heat transfer across the cavity is exam-
ined for this specific situation.

2. Problem formulation

The configuration under study with the system of coor-
dinates is sketched in Fig. 1. It consists of a ventilated cav-
ity heated by a uniform heat flux from its vertical left wall
while the remaining walls are considered perfectly insu-
lated. The system is submitted to an imposed flow of fresh
air, parallel to the horizontal walls, entering and leaving
the cavity from two opposing openings located at the mid-
dle of the vertical plates. The third dimension of the cavity
(direction perpendicular to plane of the diagram) is
assumed to be large enough so that the fluid motion can
be considered two-dimensional. The flow is assumed to
be laminar and incompressible with negligible viscous dis-
sipation. All the thermophysical properties of the fluid
are assumed constant except the density giving rise to the
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Fig. 1. Schematic of the studied configuration.

buoyancy forces (Boussinesq approximation). Taking into
account the above-mentioned assumptions, the non-dimen-
sional governing equations, written in Q — ¥ formulation,
are as follows:

o Yt 0y Re|dox?  0y?| Re*Pr ox

or_ or.  or_ | 62T+62T 5
a Y’ dy  RePr |0x2 = 0y?

Yy oY

i e |

Ox? + 0y? (3)

The stream function, ¥, and the vorticity, 2, are related to
the velocity components by the following expressions:

oY oY ov  Qu
—a, U——a and Q—a—f (4)

u

X Yy _u’ U_v
x_HH y_HH u_u,ov —uga
w_ v, _QH o (" —T¢) )
u H'"’ u qgH'/A

The boundary conditions, associated to the problem are

u=v=0 on the rigid walls

T=Q=v=0,u=1land Y =y — (1 — B)/2 at the inlet of
the cavity

%—f = —1 on the heated left vertical wall

% —0 on the adiabatic walls

“n” being the direction normal to the considered adia-
batic wall.

The boundary conditions at the exit of the cavity are
unknown for this problem. Values of u, v, T, 2 and ¥
are obtained at each time step by means of an extrapola-
tion technique similar to that used in the past by Yiicel
et al. (1993) and Raji and Hasnaoui (1998a,b, 2000). This
procedure, based on zero second derivatives for all the
above-mentioned variables at the exit of the cavity, does
not need artificial extension of the calculation domain at
the level of the exit.

The dimensionless parameters appearing in Egs. (1) and
(2) are the Prandtl, Pr, the Rayleigh, Ra, and the Reynolds,
Re, numbers. They are, respectively, defined as follows:
Pr=v/uo;

Ra = gPq'H,/Aov; Re=u,H'/v. (6)

3. Heat transfer

The normalized mean Nusselt number, with respect to
that of the pure forced convection, evaluated on the heated
vertical wall of the cavity, is defined by
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'l
dy + / =
x=0 0.5+ r

Ody> .

4. Numerical method

The governing equations were discretized by using a
finite difference technique. Egs. (1) and (2) were solved by
adopting the Alternating Direction Implicit scheme
(ADI). Values of the stream function at all grid points were
obtained with Eq. (3) by means of the Point Successive
Over-Relaxation method (PSOR) with an optimum over-
relaxation coefficient equal to 1.88 for the considered grid.
At each time step, a variation by less than 107> over all
the grid points for the stream function is considered as the
convergence criterion. A further decrease of this value did
not cause any significant change in the results. The first
and second derivatives of the diffusive terms were
approached by central differences while a second order
upwind scheme was used for the convective terms to avoid
possible instabilities frequently encountered in mixed con-
vection problems. As a result of a grid independence study,
a uniform grid size of 81 x 41 was found to model accu-
rately the flow fields and heat transfer characteristics within
the studied configuration. In fact, a refinement of the mesh
to 121 x 61 leads to maximum differences less than 0.8%
and 0.2%, respectively, in terms of the Nusselt number
and maximum stream function. The accuracy of the numer-
ical model was also checked by comparing the results from
the present study with those obtained by De Vahl Davis
(1983) for natural convection in a differentially heated cav-
ity and against the results obtained by Yiicel et al. (1993) in
the case of an inclined ventilated channel discretely heated
from one side. The relative differences, observed in terms
of Nu and Y,,.x calculated for various combinations of
the governing parameters, are found to agree within 1.6%
and 1.24%, respectively (Table 1). Finally, for all the com-
putations, it was carefully verified that the balance of heat
(the quantity of heat provided to the fluid by the heated wall
compared to that leaving the cavity through the exit) is sat-
isfied with 0.2% as a maximum difference.

5. Results and discussion

In the following, effects of the Rayleigh number (10* <
Ra < 10°% and the Reynolds number (10 < Re < 5000) on

Table 1
Effect of Ra on ¥ ,.x and Nu in the case of an inclined channel discreetly
heated from below for 0 = 30°, Re =10 and 4 =10

Ra=5x%x10>  Ra=10* Ra=10°

‘I]max Nu ‘PHHIX Nu le'dX Nu
Present work 1480 1371 2232 1.622 10379  3.519
Yiicel et al. (1993)  1.480 1.375 2227 1.625 10276  3.450

the fluid flow and the temperature distribution are illus-
trated. It t should be noted that the upper value considered
for Re (Re = 5000) is imposed by the fact that the height H’
of the cavity is considered as a characteristic length instead
of the height /' of the openings. In addition, the Reynolds
number, Re*, based on 7/, is more appropriate to charac-
terize the flow regime (laminar or turbulent) than that
based on AH’. The maximum value reached by Re™ is
Re x (W/H') = 1250 which guarantees a laminar flow for
the studied problem. The calculations were conducted by
considering air as a working fluid (Pr = 0.72). The aspect
ratio, 4 = L'/H’, and the relative height of the openings,
B=H/H', are maintained constant at 2 and 1/4,
respectively.

Results of the study were obtained for values of the
Richardson number (Ri= Ra/(Re*Pr)), varying from
5.5%x 107* to 1.4 x 10*. This range of Ri was selected on
the basis of preliminary calculations covering natural-con-
vection, mixed-convection, and forced-convection domi-
nating regimes. For weak values of Ri, the forced
convection regime is dominant. For Ri > 1.4 x 10%
numerical instabilities were observed. These instabilities
were expected in the natural convection dominating
regime. In fact, the boundary conditions imposed at the
inlet of the cavity become not compatible with the physical
nature of the problem when natural convection is largely
dominating; big closed cells are formed inside the cavity
and prevent the free circulation of the imposed flow char-
acterized by the open lines.

The effect of the Reynolds number on the flow structure
and temperature distribution is shown in Fig. 2a—e. The
streamlines and the isotherms are presented for steady state
flows obtained for Ra = 10° and values of the Reynolds
number ranging between 20 and 5000. For Re =20, the
analysis of the streamlines in Fig. 2a reveals a complex
structure in the upper part of the cavity where the presence
of two counter-rotating cells is observed. The lower cell is
located just in front of the entry opening, above the open
lines, and its presence is imposed by the upper cell. In fact,
the heated portion of the left wall, located above the open-
ing, imposes a clockwise circulation, but at low Re where
the natural convection effect is important, the clockwise cir-
culation of the upper cell is physically impossible without
formation of a counter-clockwise rotating cell just below
it. Fig. 2a examination shows also the existence of a small
convective cell clockwise rotating and located in the vicin-
ity of the left lower corner of the cavity. Being absent in the
basic flow, its existence is only due to the effect of natural
convection. The distribution of the temperature field shows
that the lower part of the cavity (far from the heated wall)
is at the temperature of the external flow. The lower cell
will play an increasingly important role by increasing Re
since more intense is the forced flow, more important is
its negative (positive) effect on the natural convection flow
in the upper (lower) part of the cavity. This tendency is
already visible in Fig. 2b for Re = 50. In fact, it is clearly
visible from Fig. 2b that this relatively limited increase of
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Fig. 2. Streamlines and isotherms obtained for Ra = 10° and different values of Re: (a) Re =20, (b) Re = 50, (c) Re =150, (d) Re = 1178.51 and (e)

Re = 5000.

Re is accompanied by a reduction of the size and the inten-
sity of the upper cells in favor of the open lines and the ten-
dency is supported by the increase of Re until the total
disappearance of the upper closed cells which occurs when
the intensity of the forced flow reaches a critical value (not
given here). Indeed, the role played by natural convection
is weakened (supported) in the upper (lower) part of the
cavity by increasing Re. When the forced flow overcomes
the effect of natural convection in the upper part of the cav-
ity, the open lines are aspired by the heated surface above
the aperture as indicated in Fig. 2c¢ for Re = 150. The cor-
responding isotherms are more tightened at the vicinity of
the heated wall testifying of a noticeable increase in convec-
tive heat exchange. In addition, a net progression of the
cold zone towards the right wall is observed. A further
increase of the Reynolds number acts in increasing the aid-

ing role of forced and natural convection in the lower part
of the cavity. Hence, the intensification of the forced flow
leads to an increase of the role played by the lower cell
as shown in Fig. 2d-e, respectively, for Re=1178.51
(Ri=1) and Re = 5000 (Ri=0.055). It can also be seen
that the forced flow crosses directly the cavity from an
opening to the other without being constrained to go along
the heated upper wall before reaching the exit, which favors
the formation of two recirculating cells of different sizes in
the upper part of the cavity. The analysis of the isotherms
shows that the central part of the cavity is maintained iso-
thermal and cold due to the absence of thermal interaction
between the forced flow and the heated boundaries.

The effect of the Rayleigh number on the flow structure
and temperature distribution inside the cavity is illustrated
in Fig. 3a—d for Re =10 and four selected values of Ra.
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Fig. 3. Streamlines and isotherms obtained for Re = 10 and different values of Ra: (a) Ra =0, (b) Ra = 10*, (¢) Ra = 10° and (d) Ra =5 x 10°.

The basic forced convection flow, presented in Fig. 3a for
Ra =0, is characterized by a perfect symmetry of the solu-
tion with respect to the horizontal axis corresponding to
y = 0.5 (horizontal axis passing by the mediums of the two
openings). By increasing Ra to 10%, Fig. 3b shows a big
change in the flow structure; the symmetry already observed
is destroyed and a multicellular flow arises causing a big
deformation of the open lines, just below the two cells gener-
ated by the upper heated wall. The importance of the forced
flow is visibly affected in Fig. 3¢, corresponding to Ra = 10°.
The increase of the natural convection importance has sup-
ported the fusion of the two cells located just above the open
lines to the detriment of the latter (open lines) what main-
tains the lower cell in a secondary role. More increase of
Ra leads to more important cells above the open lines caus-
ing a visible tightening of these lines and showing a net dom-
ination of the natural convection effect, rather due to the
heating of the higher portion of the left wall. Moreover, this
increase of Ra contributes to the homogenisation of the tem-
perature within the cavity by reducing the dimension of the
cold zone, as it is shown by the isotherms. These aspects cor-
respond to Fig. 3d, plotted for Ra =5 x 10°.

From a practical point of view, the evaluation of mean
and maximum temperatures of the fluid inside the cavity

is of importance. Being inversely proportional to the heat
flux ', it appears more convenient to use a modified mean
(T* =T x Ra) and maximum (7T, = Tmax X Ra) tempera-
tures for these parameters to have the same tendencies as
the corresponding real temperatures. In fact, variations of
T and Tnax present situations where they decrease by
increasing Ra, which do not correspond to the tendencies
of the real temperatures. Such observation was also formu-
lated by Papanicolaou and Jaluria (1994) and Hsu et al.
(1997). Thus, the variations versus Re, of the modified
mean and maximum temperatures are presented in
Fig. 4a-b for different values of Ra. For all considered val-
ues of Ra, Fig. 4a shows that T* decreases by increasing Re,
indicating that the overheat phenomenon is reduced for
higher values of Re. Variations of the modified maximum
temperature inside the cavity are presented in Fig. 4b. It
can be seen that T  decreases also by increasing Re,
monotonously for Ra=10* and towards a minimum
(hardly visible) for higher values of Ra, reached for a crit-
ical value of Re corresponding to a maximum competition
between natural and forced convections. The minimum of
T .. is moved towards higher Re by increasing Ra.

The variations, with Re, of the normalized average
Nusselt number, evaluated on the heated vertical wall, is
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Fig. 4. Variations, with Re, of the modified mean, 7%, and maximum,
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Fig. 5. Variations, with Re, of the normalized mean Nusselt number, Nu,
and the quantity Q(Ra = 0) for different values of Ra.

presented in Fig. 5a for various values of Ra. The normal-
ization used for Nu (normalization with respect to conduc-
tion, Ra =0, and forced convection, Re # () puts into
evidence the contribution of natural convection compared
to the basic flows obtained for Ra = 0. Generally, three
tendencies, amplified by the increase of Ra, are observed.
The increase of Re from its lower value leads first to a dim-
inution of Nu towards a secondary minimum, followed by
a change in the tendency (increase of Nu with Re towards a
maximum) explained by a better interaction between forced
and natural convection flows. Once the maximum is
reached, a new change in the tendency, characterized by
a continuous decrease of Nu towards unity (forced convec-
tion regime) is observed. The minimum and maximum val-
ues of Nu are reached for critical values of Re which
depend on Ra. The values of Of= Q (Ra =0), used in
the normalization of Nu, are presented versus Re in
Fig. 5b where a linear dependency can be observed. The
numerical values of Qy, used in the normalization of Nu,
are correlated versus Re. The two correlations proposed,
respectively, valid in the ranges 10 < Re < 1000 and
1000 < Re < 5000, agree with the numerical results with a
maximum deviation of 1.5%.

The different flow regimes, identified in the present
study, are delineated in the Ra—Re plane and presented in
Fig. 6. The Reynolds number, Re,,, for which the competi-
tion between natural and forced convection generates max-
imum value of Nu, is seen to increase linearly with Ra in a
logarithmic scale. The numerical values of Re,, are corre-
lated as Re,, = 3.7896 x Ra’*">*. For a given value of
Ra, the increase of Re above Re,, leads to a decrease of
Nu towards unity; value reached for Re = Re;. Further
increase of Re from Rep=0.0724 x Ra®’%>* marks the
total dominance of the forced convection. It is to note that
the agreement between the numerical results (empty circles)
and those corresponding to the correlations (solid lines) is
seen to be excellent; the maximum deviation remains within
0.75%. The correlated critical values of Re allows simple
and quick delimitations of the various flow regimes identi-
fied in the studied configuration. It is interesting to under-
line that for cavities subjected to the same thermal
boundary conditions and provided with an inflow opening

5000

@ @ ® Numerical values
2000} Forced convection (Nu=1)
0.7654

1000 F Re, = 0.0724x Ra
500 f Minimum heat transfer

é Mixed convection
200

100§
504 “~_Re , = 3.7896x Ra"">
Maximum heat transfer
20 L
10* 10° 10°

Ra

Fig. 6. Characterization of the existing flow regimes in the Ra—Re plane.
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located at the lower part of the left vertical wall (Raji and
Hasnaoui, 1998a) or at the level of its upper part (Raji and
Hasnaoui, 1998b), the forced convection regime, corre-
sponding to Nu = 1, could not be reached. Hence, in terms
of cooling efficiency, the present configuration, compared
to those described in Raji and Hasnaoui (1998a,b), allows
most effective cooling conditions by maximizing the heat-
removal rate and reducing the overall mean and maximum
temperatures. In addition, a close comparison with results
reported in these references shows that the maximum cool-
ing effectiveness is achieved when the two openings are
located at the middle of the vertical walls or when the inlet
(outlet) is placed at the bottom (top) of the vertical heated
(adiabatic) wall.

6. Conclusion

Mixed convection in a ventilated cavity, heated from its
vertical left wall with a constant heat flux and thermally
insulated from its remaining boundaries, was studied
numerically using a finite difference method. The heat
transfer generated by forced convection and used in the
normalization of Nu was correlated as Q (Ra=0)=
1.2573 x Re">* and 1.82 x Re™'® for Re < 1000 and
Re > 1000, respectively. Results of the study show that
the flow structure is considerably influenced by the interac-
tion between natural convection (supported by the Ray-
leigh number) and forced convection (supported by the
Reynolds number). The different flow regimes were identi-
fied and delineated in the Ra—Re plane. The couples
(Ra, Re) leading to maximum Nu were identified and corre-
lated as Re,, = 3.7896 x Ra"*">>. Above this limit of Re,
the Nusselt number decreases monotonously towards
Nu=1; value marking the forced convection predomi-
nance. The values of Re from which Nu =1, are also cor-
related as Rep= 0.0724 x Ra®7%,
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