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Recirculating Mixed Convection Flows in Rectangular Cavities

Ranganathan Kumar* and Tsorng-Dih Yuant
Clemson University, Clemson, South Carolina

A numerical investigation is carried out to determine the flow and thermal structures of mixed convective flow in
a rectangular cavity. The effect of aiding and opposing buoyancy on the flow in a vertical downward laminar jet is
studied for Re <200, —1.0 < Ri <0.5, and 0.5< A <5.0. Such flow situations occur in enclosure fires, energy
storage, and ventilation systems. Results of the velocity profile, temperature distribution, local friction factor; and
heat-transfer coefficient are presented for both hot and cold jets. The flow configuration is found to be strongly
affected by the positive and negative buoyancy and also by the aspect ratio of the cavity.

Nomenclature

Cr = wall friction factor

Cr  =Ci/Re'? '

= acceleration of gravity

= Grashof number, gf(T;, — T,,)/*/v?

= local heat-transfer coefficient, ¢/(T;, — T,,)
= height of the cavity

= nondimensional slot height, H/L

= thermal conductivity

= width of the jet

= horizontal length of the cavity

= mass flow rate

Nu = Nusselt number, h//k

Nu* = Nu/Re'?
p
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= pressure
= nondimensional pressure, (p — p,.)pv?
Pr = Prandtl number
q = local heat flux
Re = Reynolds number, v; £ /v
Ri = Richardson number, Gr/Re?
N = source term _
T = thermodynamic temperature
u = velocity component in x direction
U = nondimensional velocity component in x direction,
ulo, e

= velocity component in y direction

= nondimensional velocity component in y direction,
v/v;

= coordinate along the lower surface of the cavity

= nondimensional coordinate, x//

= vertical coordinate

= nondimensional coordinate, y/¢

= thermal diffusivity

= thermal expansion coefficient

= diffusion coefficient

= nondimensional temperature, (T — T,)/(T; — T,,)

= dynamic viscosity '

= kinematic viscosity

= density

= variable
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Subscripts

j = slot exit

max = maximum value of the variable
w = impinging surface

o0 = ambient

Introduction

EVERAL studies have been reported on impinging jets,

but very little information is available regarding impinging
flows in cavities. This paper reports the study of hot and cold
laminar downward jets drawn from one top end of the cavity
and discharged to the other top corner. The walls are main-
tained at constant temperature. This problem is of interest in
practical applications such as enclosure fires, solar ponds,
energy storage, heat rejection, and ventilation systems.

In an enclosure fire, the buoyancy force opposes the cold jet
of fluid flowing downward, resulting in negative buoyancy.
Goldman and Jaluria' studied the effect of opposing buoyancy
on the flow in free and wall jets experimentally. They developed
an experimental system to study the downward penetration of
such jets in which the buoyancy force opposes the externally
induced flow. The penetration distance was quantified by de-
fining it as the vertical distance from the jet inflow to the loca-
tion where the local temperature excess had dropped to 1% of
the inlet temperature excess. Temperature and velocity profiles
were also given for a range of buoyancy parameters and
Reynolds numbers.

Cha and Jaluria®? directed their efforts toward understand-
ing the effect of thermal buoyancy on the recirculating flow for
energy extraction and heat rejection. In this numerical study,
the hot fluid was withdrawn at the top and the cold fluid
discharged at the bottom of the storage region to preserve
the thermal stratification. It was shown that the inflow parame-
ters could be chosen to control the vertical spread and horizon-
tal penetration of the flow. Also, they found that the flow
penetrated further into the storage zone in the same-end
configuration and flow reversal occurred in the opposite-end
configuration. )

Prahl et al.* and Satyanarayana and Jaluria® studied thermal
energy discharge into the ambient air-and-water medium that
gave rise to negatively buoyant flows. Analytical and ex-
perimental studies have been done on negatively buoyant
axisymmetric jet by Turner® and Seban et al.” Turner’s® model
predicted the penetration distance, which compared well with
the eéxperimental values, but the flow rates and the velocity and
temperature distributions were not predicted accurately by
Turner’s analysis, as shown by Seban et al.” Yuan et al.® stud-
ied the effect of buoyancy on laminar, heated, two-dimensional
jets impinging on an isothermal surface. They considered both
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upward- and downward-facing jets. Their work showed that
the magnitude of both the friction factor and heat-transfer
coefficient on the wall depended on the separation distance
between the jet exit and the impinging surface, and that flow
separation would occur in the downward-facing flow for large
buoyancy parameters, depending on the aspect ratio. In other
cavity flows driven by buoyancy and shear, Torrance et al.’
numerically investigated the fluid motion driven by a moving
wall and natural convection.

This study concentrates on the characteristics of both aiding
and opposing buoyant flows arising from hot and cold jets
impinging from one end of the top corner of the cavity and
discharging through the other end. Unlike in the work of Gold-
man and Jaluria,' the top is not left open, and there is no
entrainment from the ambient. The four walls are maintained
isothermal at the same temperature as the ambient. The jet is
uniform at the jet exit and is at a higher or lower-temperature
than the walls. A steady, laminar, two-dimensional flow is as-
sumed. Velocity and temperature profiles are obtained inside
the cavity along with the heat-transfer rates and friction factor
on the bottom wall for various aspect ratios, Richardson num-
ber (also called buoyancy parameter or mixed convection
parameter), and Reynolds number and the physics of the flow
analyzed.

Mathematical Formulation

The flow is considered to be two-dimensional, steady, incom-
pressible, and laminar. The initial velocity and temperature
profiles are assumed to be uniform, and the jet fluid is isother-
mal and may be warmer or cooler than the cavity walls, which
are maintained at constant temperature T, It is assumed that
the density variation is accounted for only in the body force
term. The physical properties are assumed to be constant. The
energy equation is formulated by neglecting the viscous dissi-
pation and the change of temperature due to compression.

Under these foregoing assumptions, the governing conserva-
tion equations of mass, momentum, and energy are
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For relatively small change of density with temperature the
body force term in Eq (3) can be expressed in terms of the
ambient conditions using a Boussinesq approximation as

g =poog + pgh(T,, — T) (5

The scaling parameters are chosen as vj, the average velocity
at the jet exit, £, the width of the jet, T, — T,,, the temperature
difference between the jet exit and the surface and pv}, the
characteristic pressure. Nondimensional variables are deﬁned
as

U=ufy,
V=o,
X=x/t
Y=y/t

P=(p—p,)lpv}
6=(T~-TH)(T;,-T,) (6)
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Substituting the given nondimensional variables into Egs. (1-
4) and using Eq. (5) results in
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The governing parameters as seen from the preceding equa-
tions are Reynolds number Re, Richardson number Ri, and
Prandtl number Pr. The other relevant parameters in this prob-
lem are aspect ratio 4(=H/L) and L/¢. The boundary condi-
tions are those of impermeable, isothermal walls and are given
in nondimensionalized form:

U=0;, V=—1; 8=1 at the jet exit

U=0, V=0 6 =0 on all walls

rh —'mout (11)

The flowfield is subdivided into finite volumes, each of which
encloses an imaginary grid node. Scalar variables such as pres-
sure, density, viscosity, and temperature are evaluated at the
grid node, while the velocity components are chosen to lie on
the control volume faces, where they are used for the mass flow
rate computations. The set of governing differential equations
is integrated to yield finite-difference equations. These finite-
difference equations are then solved together with a pressure
correction equation to satisfy the continuity equation. The so-
lution procedure follows that given by Patankar'® in the pro-
gram SIMPLE, with the modification recommended by Van
Doormaal and Raithby.!!

Numerical Procedure
The governing equations are cast in the common form

Tod

oUP) =

o =8l ax, |+S (12)
oX;

The first term represents the flux of any dependent variable ¢
convected by the mass flow rate pu;, the second term represents
diffusion, and the last term is the mechanism for generation (or
destruction) of ¢. Whatever cannot be expressed through con-
vection and diffusion terms can be lumped into the last source
term. Each variable in the governing equations is given in
Table 1 for each of the governing equations.

Equation (12), together with the boundary conditions given
in Eq. (11), constitute a set of three coupled nonlinear partial
differential equations. The results presented in this study were
obtained for 20 x 20, 24 x 24, and 32 x 32 grids, closely spaced
in regions of strong gradients of ¢, i.e., close to the surface. The
solution was checked for grid independence.

Table 1 Variables for the general equation

Equation '8 r Source

Mass 1 0 0

X momentum U 1/Re —0Pf0X

» momentum Vv 1/Re —QP/BY + (Gr/Re?)0
Energy 4 1/Re Pr 0
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The range of flow parameters used in this study is given in
Table 2. These parameters also affect the mentioned grid speci-
fication. The grid spacing required for each flow pattern was
investigated. In summary, for higher values of 4, Re, and Ri, a
larger grid size and finer grid spacing is required. Thus, the
given limits were the minimum amount for the grid indepen-
dent solutions and were increased as needed. The calculation
times for each case ranged from 1 min 30 s for the 18 x 18 grid
for 150 iterations to 3 min 10s for the 32 x 32 grid for 150
iterations using the computer NAS AS/XL-60.

Results and Discussion

The detailed structure of flow in a rectangular cavity in
which a downward hot or cold jet impinges from the top left
corner as shown in Fig. 1 is analyzed for various Reynolds
numbers, Richardson numbers, and aspect ratios. The range of
these parameters is given in Table 2. The range of parameters
was suitably chosen to avoid transgressing in the turbulent
region. No experimental or analytical work in this flow situa-
tion has been reported in the literature, and hence, there is no
clear knowledge of when and for what combination of parame-
ters the flow becomes turbulent. However, the upper limit of
Reynolds number for which the flow stays laminar was not
reached in this study. Also, numerical oscillations and diver-
gence would occur if the flow ceases to be steady or laminar.

Since the present results could not be directly compared
with available results in the literature, the computational
scheme was validated by considering a two-dimensional stag-
nation flow problem and comparing the results with the exact
solution obtained by Howarth.!> The results were in excellent
agreement.

The velocity vectors for no buoyancy (i.e., Ri =0), 4 =1,
and Reynolds numbers of 50, 100, and 200 are given in Fig. 2.
For Re = 50, a secondary cell is seen to form at the lower left
corner, which grows in size as Re is increased. Another cell
develops in the bottom right corner, which is clearly visible at
Re =200. Due to increased velocities in the case of high
Reynolds numbers, the recirculating flow pushes the center of
the vortex down slightly. The effect of buoyancy on the flow-
field is presented in Fig. 3 for Ri = 0.1 and —0.1. The positive
Richardson number indicates that the jet is heated, and the
negative value represents a cold jet. Here, the jet is heated or
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Fig. 1 Rectangular cavity and flow configuration.

Table 2 Ranges of governing parameters

Re Gr Ri Pr A(=H/L) Lit

50-200 0-5000 —1.0-+0.5 0.7 0.5-5.0 5-8
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Fig. 2 Flowfield for 4 = 1, Ri = 0, and a) Re = 50; b)Re = 100; and
¢) Re = 200.
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Fig. 3 Flowfield for 4 = 1; a) Re =50, Ri + 0.1; b) Re = 50, Ri = —0.1; ¢) Re =200, Ri = 0.1; and d) Re = 2000, Ri = —0.1;

cooled relative to the cavity walls, which are maintained at the
same constant temperature T,. For Ri = 0.1, the left corner
cell completely disappears, the right corner cell increases in size

lower wall since the buoyancy parameter Ri is low. There is no
counterflow in the left corner as the wall is colder than the
fluid, and hence, the fluid near the left corner is denser than the
as Re increases, and the streamlines are seen to be skewed more fluid that is penetrating. After the fluid impinges on the bottom
to the right. wall, the buoyancy of the jet and the acceleration of the fluid

The physics of the flow presented in Fig. 3 is interesting and around the right corner turns the flow upwards, thus giving
vastly different, depending on the temperature of the jet with birth to a secondary cell at the bottom right corner. The tem-
respect to the wall. The hot jet penetrates all the way to the perature distribution given in Fig. 4 confirms the preceding
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Fig. 4 Effect of Richardson number on temperature profile for 4 = 1, Re = 100, and a) x/{= 0.167; b) x/{=0.5; and ¢) x/{=3.5.
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Fig. 7 Isotherms and velocity vectors for Re =50, 4 =2, and
Ri=—0.5.

observation. In the bottom of the cavity, i.e., below y/L = 0.4,
the temperature of the fluid is seen to increase along the x
direction until the location where the jet turns upwards. The
fluid in the secondary cell is relatively cold due to the presence
of the cold wall.

In the case of a cold jet for the same Reynolds number of 100
and the same absoiute value of Richardson number (Ri =
—0.1), the flow structure adjusts itself to give rise to a sec-
ondary cell in the bottom left corner (Fig. 3). In this case, the
walls are warmer than the incoming jet. The fluid particles
closer to the left wall rise due to buoyancy, but they are unable
to penetrate higher up in the cavity due to the momentum of
the cold jet. Hence, they recirculate to form a clockwise cell.
This is a mixed convection opposing flow situation. The tem-
perature profile in Fig. 4 for Ri =0.1 at x/L = 0.5 (inside the
secondary cell) shows an S-shaped curve representing the pene-
trating warm parcel of fluid arising from the walls, cooled in
turn by the incoming jet. Such a characteristic in temperature
is also seen for x/L = 0.167. As the fluid flows along the hori-
zontal wall and accelerates around the bottom right corner, it
aids the buoyant penetrating fluid arising from the right wall,
and hence, no secondary cell appears in the right corner when

=
-

Fig. 8 Flowfield for Re =50, A =5, and
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the impinging jet is cold. Figure 4 depicts the relative magni-
tudes of nondimensional temperatures when buoyancy is taken
into account and compares the results for no buoyancy. It
should be noted that in the case of cold jets (negative Richard-
son numbers), decreasing nondimensional temperatures indi-
cate that the fluid is getting warmer. The effect of buoyancy is
seen to be significant only in the bottom corners of the cavity.
In the core, the error in temperature is not considerable.
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Fig. 10 Temperature profile for an adiabatic left wall at different vertical positions.
The velocity vectors for the case of Ri = —0.1 and Reynolds to the right of which the flow forms a strong wall jet region

number of 50 and 200 (Figs. 3b and 3d) show that as Re is
increased, the buoyancy effect is not dominant, since the
Richardson number remdins the same. Hence, the cold jet is
able to penetrate deeper into the cavity and is faster due to
increased momentum, and the secondary cell in the bottom left
corner diminishes in size. Such a reduction in cell size is not
noticeable for Ri = 0.1, when Re is increased.

The effect of high buoyancy parameter is shown in Fig. 5.
For 4 =1, Re =50, and Ri = 0.5, strong buoyancy and low
Reynolds number prevent the flow from penetrating deep into
the cavity. A mild recirculating bubble is seen near the top wall

leading to the outlet. Near the midsection of the cavity closer
to the right vertical wall, there is a strong downward flow.
Possibly at this location, the fluid becomes cooler and hence
denser and penetrates to the bottom to form a large clockwise
recirculating region. ,

. Aslightly different behavior is seen in Fig. 5b for the cold jet
(Re =50, Ri = —0.5, A = 1). The left corner cell that appeared
for Ri = —0.1 (Fig. 3b) has grown in size due to increased
buoyancy. The cold fluid emanating from the top left corner
sets up a recirculation region at the top. Some of the cold fluid
descends downward and gets hedted up by the right vertical
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wall, and the buoyant force allows the fluid to move up again.
Thus, a third cell appears in the case of high negative Richard-
son numbers.

Case studies were performed for Re =50, Ri = +0.5 and
aspect ratios of 0.5, 2.0, and 5.0, and some flow patterns and
isotherms are presented. Figure 6 shows that for 4 = 0.5, the
flow patterns for Ri =0.5 and —0.5 are similar to those ob-
served for 4 =1 and Ri=0.1 and —0.1. The cold jet
(Ri = —0.5) as seen in Fig. 6b is able to penetrate to the bot-
tom wall due to the small size of the cavity and effectively
prevents the formation of a third cell. As expected, a secondary
cell forms at the bottom right corner for Ri = 0.5. As the aspect
ratio is increased to 2, the hot jet (not shown in the figure) is
able to penetrate only to the middle of the cavity. The sec-
ondary cell is larger in size as in 4 =1, although this cell
originates from the right corner too.

The isotherms and vector velocity plots in Fig. 7 for 4 =2
and Ri = —0.5 show that three cells are formed, as expected.
No significant changes in the isotherm patterns were observed
as aspect ratio was increased from 1 to 2; however, as seen in
Fig. 7b, the secondary cells at the bottom occupy a larger
portion of the cavity. As aspect ratio is further increased to 5
(Fig. 8) for the same Re (=50) and Ri (= —0.5), the flow
patterns attain a vertical line of symmetry, with the downflow
getting stronger.

The temperature profiles in the horizontal plane for both
adiabatic and isothermal left walls are given in Fig. 9 in an
effort to compare our results with those of Goldman and
Jaluria.! In the experimental setup, perfect insulation on the
left wall could not be achieved, and the bottom horizontal wall
was removed. In this figure, the experimental data for
Re = 4500 and Ri = 0.007 at a distance of 30/ from the jet exit
shows a large scatter due to entrainment of ambient air. Since
it is difficult to make direct comparisons of the present results
with the experimental data, both adiabatic and isothermal left
walls are considered at Re = 2000 and 4500 for A4 = 5. In the
numerical study, the bottom wall is present. The numerical
study predicts a higher temperature level in the fluid for the
adiabatic left wall compared with that for an isothermal left
wall for the same flow and geometric conditions. This was seen
to be the case at different vertical positions. The temperature
levels in the fluid for an adiabatic left wall are seen to be
uniform at different vertical positions (Fig. 10), except close to
the jet exit (a distance of 10¢ from the jet exit), where a clear
demarcation between the downward and the upward flow is
noted by means of a hump in the profile. These general trends
were also observed by Goldman and Jaluria.!

The wall friction factor and the heat-transfer rate on the
bottom wall are presented in Fig. 11 for 4 = 1, Re =100, and
low Richardson numbers. The maximum Nu for cases with and
without buoyancy occurs in between x/1 =2 and x/1 = 3. This
maximum is also found to decrease when the incoming jet is
heated. The different cell patterns found in the flow earlier are
consistent with the wall friction factor plotted in Fig. 11b. The
negative friction factor indicates that the flow is in the opposite
direction, and represents the corner cells. For Ri=0.1 and
—0.1, the absolute value of C} reaches a maximum of approx-
imately the same magnitude.

The effect of increased buoyancy is shown in Fig. 12. The
heat-transfer rate and friction factor are negligible in the case
of the hot jet. This is due to the inability of the jet to penetrate
to the bottom of the cavity, setting up mild recirculating flow
at the bottom. It is already seen that a triple cell pattern is
observed for cold jets. Thus, the heat-transfer rate and friction
factor are enhanced on the bottom wall for cold jets caused by
the strengthened flow at impingement. The maximum value of
Nu* for Ri = —0.5 occurs when C} is zero. As Reynolds num-
ber is increased to 200 (not shown in the figure), there is no
significant shift in the location of the maximum Nu*. However,
the magnitude of the maximum increases.

As the depth of the cavity increases, in the case of cold jets,
the initial momentum is not large enough to counter the buoy-
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ancy, and hence, the fluid cannot penetrate to the bottom of the
cavity. The effect of aspect ratio on heat-transfer rate and fric-
tion factor is shown in Fig. 13. As the aspect ratio increases
from 4 =0.5 to 5 for cooled jets, the double-cell pattern
changes into a triple-cell configuration, and the heat-transfer
rate decreases. Figure 12a shows the maximum Nu* occurring
in the middle of the bottom wall for 4 =2 and 5. However, as
the aspect ratio is decreased, the maximum shifts to the left.
Comparing Figs. 12a and 13a, it is clear that there exists an-
other parameter in this problem, L//, which alters the flow
situation and the heat-transfer rate. As the length of the bot-
tom wall, L, is extended, the maximum heat-transfer rate shifts
to the right, and the size of the left corner cell increases.

Re =100
Nu/ v, -
/Rez A=
0.200 T T T T T T
0.150

0.125

0.100

0.07%

0.050

0.025

0.15
0.10

0.05

-0.05 |-

//
L

-0.10

-0.15 1 i L 1 I ! l

Fig. 11 Heat-transfer rate and friction factor for Re =100, 4 =1,
and Ri=0(—),Ri=01¢---- ), and Ri = —0.1 (- - -).
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Fig. 12 Effect of high negative Richardson number on heat-transfer rate and friction factor; Re =50, 4 =1, and Ri =0 and —0.5.
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Fig. 13 Effect of aspect ratio on heat-transfer rate and friction factor; Re = 50, Ri = —0.5, and A =1, 2, and 5.

Conclusions

The physics of the problem of a heated or cooled downward
impinging jet in a cavity discharged from the other top corner
of the cavity was examined by numerical analysis for a range of
Reynolds and Richardson numbers, and aspect ratios. Buoy-
ancy effects are found to be significant on the flow and thermal
fields and the friction factor and heat-transfer rate.

The effect of a heated jet for low Richardson number Ri is to
enhance the right corner eddy and remove the left corner eddy,
and the opposite effect takes place for a cooled jet. When Ri is
increased, the heated jet gives rise to a primary cell and a weak
secondary cell that occupies about two-thirds of the cavity. For
the same Ri, the cooled jet penetrates to the bottom of the
cavity, the left-corner eddy is enhanced, and a strong right-
corner eddy is developed. The cooler interior fluid accelerates
vertically near the warmer walls.

As the aspect ratio is reduced, for cooled jets, the triple-cell
configuration changes over to a primary eddy and a left-corner
eddy, the flowfield loses its vertical symmetry, and the heat-
transfer rate increases on the wall as a result of strengthened
flow at impingement. The heat-transfer rate and friction factor
become negligible as Ri is increased to 0.5 in cavities with
A > 1 for heated jets. This is due to the inability of the jet to
penetrate deep into the cavity. Another parameter, L/Z, is
found to alter the flow situation and the magnitude and loca-
tion of maximum heat-transfer rate. Further study is. recom-
mended to shed more light on the change in flow behavior with
changes in jet width and the horizontal length of the cavity.
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