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Natural Convection and Air Flow Pattern
in a Partitioned Room with Turbulent Flow
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ABSTRACT

Recent studies have emphasized the importance of
the interzone air movement in a building and demon-
strated the need for better understanding of this move-
ment in any attempt to predict the ventilation efficiency or
thermal performance of the building.

This paper discusses the use of the k-e two-equation
turbulence model to simulate natural convection of high
Rayleigh number in a partitioned enclosure for a few
cases. The airflow in all cases is considered to be three-
dimensional owing to the asymmetry of the room con-
figuration. The predictions of the model are compared to
available experimental and theoretical results; good
agreement is obtained. The study also discusses the
effect of door height and location on the pattern of airflow
and temperature. Results indicate that the flow pattern is
quite sensitive to the variations of door height and loca-
tion, while the convective heat transfer rate is only sen-
sitive to variation of door height.

INTRODUCTION

While the mechanism of radiation and conduction in
the temperature range applicable to buildings is well de-
fined, convective heat transfer processes are usually dealt
with in an imprecise way. Recent research results have
emphasized the importance of the convection process in
the thermal behavior of a building and shown the need for
accurate knowledge of this process in predicting the
building thermal performance and air quality control.
Gadgil et al. (1982) showed that the building heating load
calcylated by standard building energy analysis methods
may have substantial errors as a result of their use of com-
mon assumptions regarding the convection processes that
occur in an enclosure.

Airmovementin a building is caused by a temperature
difference between the warm and cold zones (natural con-
vection), by mechanical systems (forced convection), or by
a combination of both. The air movement plays a funda-
mental role in the distribution of heat within the occupied
room and between rooms in a multi-zone building, in the
thermal comfort (along with thermal radiation), and in the
control of air quality. This movement is influenced by the
dimensions of the room, air infiltration, the number of out-
door walls, size of the windows, the amount of insulation,
and the outside weather conditions. Thé air movement
along with heat and mass transfer can be described by a
set of conservation equations: the continuity, momentum,
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energy, and component conservation equations, For the
case of turbulent flows, one or two extra conservation equa-
tions are involved. Since no exact solution to these coupled
nonlinear differential equations is available, measure-
ment and numerical techniques have been used to inves-
tigate the heat and mass transfer and the flow pattern in
enclosures.

Investigations on the interzonal heat and mass transfer
have been carried out mainly by experimental measure-
ments (Brown and Solvason 1962; Shaw 1972; Wray and
Weber 1979; Weber and Kearney 1980; Mahajan 1986,
1987). In experimental studies, correlationships between
the Nusselt number, Nu, and the Rayleigh number, Ra,
were obtained using the measured temperatures and
measured heat flux. The experimental correlations given
in Brown and Solvason (1962), Scott et al. (1988), and
Nansteel and Greif (1984) show the effects of variable aper-
ture size on the convective heat transfer. In Scott et al.
(1988) and Neymark et al. (1988), two different types of
flows in a partitioned room driven by a bulk density regime
or a boundary layer regime were investigated and the tran-
sition between the two types of flow was determined.
Generally speaking, experimental investigations may not
provide enough information about the flow patterns that
are directly related to the heat and mass transfer and the
contaminant distribution. Thisis due to the fact that the air
movement in a complex enclosure is affected by many
parameters, such as the dimensions of the room, the size
and location of the partition opening, and the conditions
of the walls, ceiling, and floor. It is difficult to deal with the
variations of each of these parameters in an experimental
study. A few numerical studies on natural convection in
single enclosures were conducted (Markatos and
Pericleous 1984; Kubleck et al. 1980; Neilson et al. 1979;
Jones and O'Sullivan 1985; Gadgil 1979). Chang et al.
(1982) numerically studied laminar natural convection in a
two-dimensional partitioned enclosure for the Rayleigh
number, Ra, up to 108. However, when the Rayieigh
number increases to more than 109, the transition from
laminar flow to turbulent flow may take place (Cheese-
wright 1968). The mechanism of a turbulent transportation
is completely different from the laminar one. For a parti-
tioned enclosure, an opening in the partition will introduce
a disturbance to the passing airflow, which enhances the
flow turbulence. Furthermore, the two-dimensional flow
approximation cannot-be accepted in the case of two
zones connected through-a doorway, since the velocities
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Figure’1 Configuration of partitioned room -

in the third direction (Figure 1;in y direction) should not be
neglected. Consequently, there is a necessity to develop
a three-dimensional computational model for predicting
the inter- and intrazonal convective heat transfer under tur-
bulent conditions and to have a better understanding of the
air movementin a partitioned room and the impact of the
door height and location on the air movement. The pur-
pose of the present Paper is to investigate numerically the
effects of the door size and location on the flow pattern
and the interzonal heat transfer rate caused by natural con-
vection in a partitioned enclosure under turbulent flow
conditions.

Problem Statement

The physical problem concerns a three-dimensional
rectangular enclosure of L:W+H = 10-4.3 m® with a
partition having an opening (Figure 1). The two opposite
end-walls paralilel to the partition are at different constant
temperatures, Ty and T,, respectively, while the ceiling,
the floor, the partition, and the other walls are assumed to
be well insulated. The temperature difference between the
warm and cold walls causes a natural convection heat flow
through the opening. This convective heat transfer is mod-
eled for variable temperature differences between the hot
and cold walls, for variable door dimensions (represented
by h/H), and for different door locations (represented by
Xp/L and yp/W, respectively), as shown in Figure 1. Inthe
present study the door width, b/W = 0.25, is kept constant.

Mathematical Model

The natural convective heat transfer process of the
aforementioned problem is governed by the following con-
servation equations
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where ¢ represents each of the three velocity components
u, v, and w, the enthalpy, h, the kinetic energy of tur-
bulence, k, and the dissipation rate of the kinetic energy of
turbulence, e. The value of ¢ is equal to 1 for the continui-
ty equation. v, is the effective exchange coefficient for the
property ¢. S, isthe sotirce term, which is given in detailin
Table 1. The k-e two-equation model of turbulence is
employed in this study. The local turbulent transportation
coefficient is determined in the following form:
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Source Terms for Conservation Equations
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where C4 and C, are experimentally determined con-
stants. In Table 1, the source term, S,, of the conservation
equation of k consists of three terms in which G, is the
stress production term and Gg is a generation term
related to the buoyancy:

y O 3(T-To)
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where T, is a reference temperature. This equation indi-?
cates the exchange between the kinetic energy of turbu-
lence and the potential energy of the flow. In a stable
stratification flow G becomes a sink term so that the tur-:
bulent mixing is reduced while the potential energy is
increased. The constants appearing in the k-e two-equation
model shown in Table 1 are assigned the following values,.
which were recommended by Launder and Spalding
(1974)

C1=144 Cg
g =10 o,

192 C,=009 Cy=10
13

The coefficient C, (see Table 1), which is the multiplier”
of the flux Richardson.number-(R;), is an additional
buoyancy constant. its value should be close to zero for the
-vertical buoyancy shear layer and close to unity for horizon-
tal layers (Rodi 1984).

CALCULATION PROCEDURE AND BOUNDARY
CONDITIONS K.

The room considered is divided into 16+ 10+ 10 control
volumes (cells). The differential conservation equations are
integrated over each of the control volumes to obtain the
discretization equations of finite difference form :
Apdp " 3pdp T Ak tayey tageg arer + ey D, (4)
where a; are the neighbor coefficients representing the
convection and diffusion flux at the cell boundary surfaces.
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Figure 2 Control volume and grids

The subscripts E, W, N, S, T, and B represent the neighbor
grids of grid P, as shown in Figure 2. The hybrid scheme,
which gives realistic behavior for the both high- and low-
cell Peclet numbers, is used to determine the expression
of the neighbor coefficients (Patankar 1980). The neighbor
coefflments are in the following forms

refer to the values at the previous time step. The boundanes
of the control volume for the determination of the scalar
variables T, k, and e are identical to the physical bound-:

aries. For the velocity components u, v, and w, the stag-
gered control volumes arg employed; that s, the grid points
for the velocity components u, v, and w are located at the
centers of the boundary surface of the coptrol volume for
the scalar variables (Figure 2). The SIMPLE algorithm
(Patankar 1980) used for the solutjon of the finite difference
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Figure 4 Velocity vectors in x-y and x-z planes for the case without partition
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plicit) iterative procedure are adopted in our computations.
The non-slip condition at the solid surfaces is applied for
velocities. Insulated conditions at the partition, the insu-
lated walls, floof, and c&iling aré used for the energy equa-
tion. Zero of turbiulenceg kinetic energy and zero gradient
of dissipation rate-of turbulence kinetic energy are con-

sidered for k-and e at solid surfaces. Turbulent wall func-

tions (Launder and Spalding 1972) are applied to describe- .

flow properties at the grids near the solid walls. The Nusselt
number istalculated from the average convective heat flux
at the hot and cold walls.

RESULTS

The comparison of the computed Nusselt number,
Nu,, as a function of the Rayleigh number, Ra,, with ex-
perimental results reported in Nansteel and Greif (1984) is
shown in Figure 3. The boundary conditions in our compu-
tation are chosen so that they are the same as those used
in Nansteel and Greif (1984). Since the cell size is restricted
by the number of grids, the parameter b/W, which is 0.25
in the calculation, does not exactly match the value adopt-
ed in Nansteel and Greif (1984). The computed values of
Nu, lie on a higher Ra_ region than those values obtained
in Nansteel and Greif (1984). From Figure 3 it can be seen
that the numerical results calculated from the computa-
tional model are in good agreement with the experimen-
tal data. The convective heat transfer rates cited in Nansteel
and Greif (1984) are also plotted in Figure 3.

Figure 4 displays the velocity vectors for the case
without partition. In the x-z plane (Figure 4d), a typical
natural convection loop, as shown in the experiment of
Chen (1988), is observed. There.is a core region in the
center of the enclosure where the velocities are relatively
small. A weak vortex is shown at the hot side above the mid-
height of the enclosure. Another vortex appears in the cold
side below the mid-height. This phenomenon was also
reported in Markatos and Pericleous (1984) for the case of
Ra over 108. The velocity vectors in x-y plane reveal that in
a single enclosure the velocity in y direction is negligible
(Figures 4 a,b,c). A two-dimensional approximation for
numerical simulation is acceptable. In the planes parallel
to the floor at z/H = 0.0625 and z/H = 0.4375, the air
moves from the cold wall toward the hot wall while the
velocities at z/H = 0.5625 are in the opposite direction,
from the hot wall toward the cold wall. The neutral plane
(velocities in x-direction are equal to zero) is atabout mid-
height of the room for the case without partition.

Figure 5 illustrates the flow patterns in the room divid-
ed by a partition with a centrally located door of h/H = 0.75
and b/W = 0.25. When a partition is inserted in the room,
the two-dimensional feature no longer exists, especially for
the case of the door located closer to a side-wall (Figures
10b,c). In Figure 5 it is observed that the airflow near the
floor at z/H = 0.0625 moves from cold zone into the hot
zone. At the height zH = 0.3125 the air in the hot zone
starts to change its flow direction from the hot wall toward
the cold wall, while the air in the cold zone still moves
toward the hot wall. The horizontal counterflows interact in
the hot zone. A similar phenomenon:dccurs'in the cold
zone atthe height z/H = 0.5625. Figure 5e shows thatthe
neutral levels in the hot and cold zones are not at the same

=}

height. In the hot zone, the neutral level (for the cross séc-
tion of y/W = 0.5625) is at about zH_= 0.3125 while the
neutral level in the cold zone, for the same cross section,
is at about z/H = 0.625. This phenomenon may be expiain-
ed as follows: in the hot zone the velocities near the floor
(in x-direction) are higher than those in the upfér part of the
hot zone (see Figure 5e). The acceleration of the horizon-
tal airflow near the floor as it passes through the aperture
from the cold zone into the hot zone is attributed to the
three-dimensional characteristics of the airflow and the
boundary-layer type of flow. In order to satisfy the continuity
equation; the flew area for the reverse velocities in the
upper part of the hot zone must be larger. Thus, the neutral
velocity level is pushed downward. In the cold Zone, the
velocities near the ceiling (in x-direction) are higher than
those in the lower part of the cold zone. Thus, neutral veloc-
ity level in the cold zone is raised. At the height-z/H =
0.8125 (Figure 5d) the flow is completely divided by the
door soffit. The air in the hot zone has a slow vortex motion
while the warm air, after entering the cold zone, flows quigk-
ly along the celling. There is a region of recirculation in
each of the partition corners in the cold zone.

Figure 6 demonstrates the flow patterns, in x-z plane
aty/W = 05625, for the centrally located opening with five
different door heights (i.e., h/H = 1.0, 0875, 0.75, 0.625, and
0.5). In cases of h/H lower than 0.875, there exists a weak
clockwise recirculation region near the ceiling in the hot
zone, which was also observed in Nansteel and Greif
(1984) and Neymark et al. (1988). This recirculation flow
does not make a significant contribution to the convective
heat transfer across the door. In this region, since the air
velocities near the hot wall are very low, the heat transfer

from the hot wall to the adjacent air is mainly by conduc-

tion. The active area of the hot wall for convective heat
transfer is thus decreased as the door height decreases.
This results in a lower Nu number, as shown in Figure 7.
To examine the effects of the location of the moving
aperture in y-direction on the Nusselt number, the door size
is kept constant for h/H = 0.75 and b/W = 0.25 with the
partition located in the middle of the room. The computed
results, as shown in Figure 8, indicate that the heat transfer
rate increases slightly with the door moving from the center
toward the side-wall. It could be understood by examining
Figures 9 through 12. Moving the door location from the
central position at y,/W = 0.5 toward the side-wall at y,/W
= 0.875 produces a clockwise vortex flow in the hot zone

and another clockwise vortex flow in the cold zone. The
" vortex flow patterns are different at various elevations, as

shown in Figures 9through 12. For example, consider the
case of the door located adjacent to the side-wall y/W =
0.875: at the plane of ZZH = 0.0625 (Figure 9d), a vortex
flow is seen in the hot zone at the front corner of the parti-
tion. This vortex moves along the partition toward the open-
ing when the horizontal plane moves up to z/H = 0.3125
(Figure 10d). After the main airflow changes its direction
from the hot side toward the cold side, there is a weak
vortex appearing in the rear corner of the cold wall (Figure
11d). At the plane zZH = 0.8125 (Figure 12d), where two
zones are completely separated by the door soffit, two
separate recirculation flows exist in both regions: a large
oneinthe hot zone and a small one inthe cold zone. It can
be seen that due to the vortex, the velocity component, v,
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Figure 7 Nusselt number variation with door height

increases near botH the hot and cold walls, which leadsto- -« there is a redistribution of the two vortex flows in the hotand

a favorable convective heat transfer.

To examine the effect of the partition location on the
convective heat transfer, the door size (W/H = 0.75 and b/W
= 0.25) and.its location (xo/L = 0.5 and yp/W = 0.5) re-
main unchanged. Figure 13 shows the air velocity vectors
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cold zones. Figures 14 through 17 indicate the air velocity
vectors in the x-y planes at zZH = 0.0625, 0.3125, 0.5625,

.. and 08125, respectively, for the same three locations of the

inthe x-z planes for three locations of the partition at yp/L.

= 0.2857, 0.5, and 0.7143. It can be seen that when the
partition. moves apart from the central position of the room,

©

- partition. It should be noted that the change of flow patterns
at different partition locations does not significantly affect
the convective heat transfer rate. This result is attributed to
the very small temperature stratification in the horizontal
direction in both the hot and cold zones. The computed
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convective heat tfansfer rates acrossthe dobrway repre-
sented by the ratio of the Nusselt number, Nuy, for dif-

ferent locations of the partition-fo the Nusselt number,. ¢

N Uy, for the central location of the partition-as a function :
of Xp/L are plotted jn Figure 18. It shows that the heat ~:
transfer rate is not sensitive to the change in location of the ©
partition. . . RN
The vertical temperature stratificationsin the x-zplane: ..
at different horizontal locations for the case of yo/W = 05
and h/H = 0.75.are plotted in Figure 19. The vertical
temperature variation adjacent to the hot wall (curve 1Yis.

E

&y

Figure 10 Variation of flow pattern in x-y plane at z/H = 0.3125 with
the door location

larger than that adjacent to the cold wall (curve 4). The
temperatures in the upper part near the hot wall are in-
creased rapidly because of the clockwise recirculation i in
- this region, which is separated by the door soffit from the

:.cold zone. The heat in this region is less likely to bee transfer-

red through the opening into the cold zone by convection.
cIn the hot zone the temperatures near the partition in the

. regionfrom z/H =033 to z/H = 0.83 are even higher than
- those near.the hot wall. This is'due to thie air coming from

“the upper Ppart ofthe opening in'the hot zone and from both
“the side-walls in the y-direction, where the temperatures are
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higher than the air teffiperature near the hot wall. In the
cold zone, for the same reason, the temperatures near the
opening (curve 3) in the range from z/H = 0.12to zZ/H =
0.37 are lower than those adjacent to the cold wall (curve
4). These phenomena can only be observed in the three-
dimensional airflow model.

CONCLUSIONS

The effect of door size, location, and different partition
locations in a room on the pattern of airflow and the con-

%

vective heat transfer is studied using the k-e two-equation-
model. The numerical results obtained from this model

Jead te the follewing conclusions:

1. The airflow pattern is very sensitive to changesinthe
door size and location on the partition and to the change
in the location of the partition.

2. The heat transfer rate is sensitive to changes in the
door height and location on the partition but not sensitive
to the change in the location of the partition.
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Figure 16 Velocity vectors in xy plane at z/H = 05625 for h/H = 0.75
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Figure 18 Nusselt number variation with partition location

3. The neutral level (velocity in x-direction equal to
zero) in the hot zone is lower than that in the cold zone.

4. The airflow patterns obtained from the computa-
tional model developed provide useful design information
for the thermal comfort and contaminant transportatlon in
partitioned enclosures.. : i

5. The agreement between the computed Nusselt'
number, Nu_, and that obtained from experimental

fo

¢) xDIL = 0.7143

Figure 17 Velocity vectors in x-y planes at z/H = 0.8125 for h/H =

0.75
Y
0.9375 |
0.825 | bW = 0.25
WH = 0,75
0.675 |
0.565 |
0.4375 | XA = 0,037
0.5 | XL = 0,4643
0:1875, [ XA, = 0,537
0,065 | XA ~ 0.9643
1 1
3.4 [1X] 0.7
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™ 'c

Figure 19 Vertical temperature stratification in the plane y/W =
0.5625 for the case yD/W = 0.5and XD/L = 0.5

measurements is very good, which gives confidence for
applying this computational model to further studies on
interzonal heat and mass transfer.
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NOMENCLATURE . .
b, = door width .
D = diffusion conductance, v,/éx
F = convection across umt area at the boundary of
control volume, pu ~
g . = acceleration due to-gravity
Gg = generation of turbulent kinetic energy, related
with buoyancy
Gk = stress production of turbulent kinetic energy
H = room height
h = door height
k = kinetic energy of turbulence
L = room length
Nu = Nusselt number based on room height,
q HITy TN
Nu, = Nusselt number based on room length,
q LT =ToA
Pr = Prandt! number, v/a
P = pressure
Pe = cell Peclet number, F/D
q “ " ="heat flux
Ra = Rayleigh number based on room height, g8H?
(Th =Te)vex
Ra, = Rayleigh number based on room length, gAL?
Ty =T )va
R = flux Richardson number, — Gg/G,
S, = source term for variable ¢
T = temperature
il = reference temperature
Te = cold wall temperature
Th = hot wall temperature
t = time
u = velocity component in x direction
v = velocity component in y direction
v = volume of control volume
W = velocity component in z direction
W = room width
XY.Z = coordinate system
Xo = distance from hot wall to partition
Yo . . ..=.distance fromy = 0 to the center of the door-
Ax,Ay,Az = dimensions of control volume
a = thermal diffusivity
g “ = coefficient of thermal expansion
Ya = exchange coefficient of d>
ox: = distance between nodes
€ = dissipation rate of k
A = .thermal conductivity
Kot = effective dynamic viscosity, pen = ) +
W = molecular viscosity
w =, turbulent dynamic viscosity
n = turbulent kinematic viscosity
P = densuty
g = turbulent Schmidt or Prandtl nuntber g
¢ = variables
Subscripts Lo 1 ! ¢
) = currently considered drid
t = turbulent
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