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Abstract—An experimental investigation has been carried out on the penetrative characteristics of a heated,
two-dimensional, turbulent wall jet discharged downward into a two-layer thermally stable environment.
Such flows, with opposing buoyancy effects, are frequently encountered in heat rejection processes and in
enclosure fires. The discharge temperature of the jet is taken as higher than the upper layer temperature
so that the jet is negatively buoyant in both layers. Of particular interest is the penetration of the jet into
the lower layer. The conditions for which it fails to penetrate the interface between the two layers are also
determined. The penetration distance of the jet is measured and related to the inflow conditions, particularly
to the temperature and the velocity at the discharge. The thermal field is studied in detail to determine the
basic characteristics of such flows. The mass flow rate penetrating downward as well as that rising upward
due to thermal buoyancy are obtained and compared with the jet inlet mass flow rate. The heat transfer
to the surface is measured for several wall temperatures and considered in terms of the penetrative flow.
Flow visualization with smoke is also undertaken in order to obtain further insight into the basic nature
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of the flow.

INTRODUCTION

THE DISCHARGE of a buoyant jet into a stratified
environment is of interest in many energy storage and
heat rejection processes. Lakes, rivers and ponds are
frequently stably stratified, with the temperature level
decreasing as the depth increases [1]. In thermal
energy storage problems, such as those of interest in
solar energy storage as sensible heat, stratification
usually arises in the storage tank due to the energy
input [2, 3]. Similarly, at the early stages of fire growth
in an enclosed region, such as a room, the heat input
due to the fire generally results in the establishment
of a hot upper layer above a cooler bottom layer, as
studied experimentally by Zukoski [4] and Cooper et
al. [5). The temperature in each layer is usually fairly
uniform due to thermal buoyancy and turbulent mix-
ing and a sharp interface is often found to arise between
the two. In such an environment, the plume generated
by the fire impinges on the ceiling, spreads out and
finally turns downward at the corners. This results
in penetrative wall flows, which are of considerable
interest in the modeling of enclosure fires [6, 7]. In
such cases, it is important to determine the downward
penetration of the wall jet, particularly whether 1t
penetrates into the lower layer and the extent of this
penetration. Also of interest are the resulting heat
transfer to the wall, ambient fluid entrainment and
the basic characteristics of the flow.

Turbulent buoyant jets rising in isothermal media
have received considerable attention in the literature
because of their importance in environmental studies
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[8]. Work has also been done on the flow of laminar
and turbulent buoyant jets in stratified media [9, 10].
The rise of laminar thermal plumes in a thermally
stratified medium was studied by Wirtz and Chiu [11].
The downstream variations of the centerline plume
velocity, temperature and plume radius were deter-
mined. They also carried out an experimental study
with thermal plumes generated by small disk heaters
in a thermally stratified air medium. The upward pen-
etration of the plumes was measured for various ther-
mal stratification levels and heat release rates.
Axisymmetric jets were considered by Himasekhar
and Jaluria [12]. A linear ambient temperature dis-
tribution was assumed and the temperature and vel-
ocity distributions were obtained for a wide range of
governing parameters. With increasing thermal strati-
fication, the local buoyancy level in the flow was found
to reduce, as expected, resulting in a decreasing vel-
ocity level downstream. The flow was predicted to
penetrate to a finite height, which was computed along
with the associated reverse flow. Several other studies
of flows rising in stratified environments have been
reviewed by Turner [13], Jaluria [14] and Gebhart et
al. [15]. All these flows exhibit several characteristics
similar to those of a negatively buoyant jet, in which
the buoyancy force is in the direction opposite to that
of the flow and, thus, reduces the velocity and restricts
the penetration distance of the jet.

Goldman and Jaluria [16] carried out a detailed
experimental investigation of downward discharged
turbulent heated air jets, in order to study the thermal
and flow characteristics of two-dimensional wall and
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D width of jet discharge slot

g magnitude of gravitational acceleration

Gr  Grashof number

h convective heat transfer coefficient,
defined in equation (4)

k fluid thermal conductivity

L interface location, below the jet discharge

m; mass flow rate in jet discharge

m,  mass flow rate rising upward across the
interface

mass flow rate penetrating downward
across the interface

Nup  Nusselt number, defined in equation (4)
p local pressure

P dimensionless pressure

Pr Prandtl number

q heat flux to the surface

Re Reynolds number

Ri Richardson number

T local temperature

physical and dimensionless vertical

velocity component

Uy discharge velocity for stratifying the
enclosure

NOMENCLATURE

U, jet discharge velocity

v, V' physical and dimensionless horizontal
velocity component

x, X physical and dimensionless vertical
coordinate distance

y, Y physical and dimensionless horizontal

coordinate distance.

Greek symbols

i} coefficient of thermal expansion of the
fluid

Oy penetration depth

0 dimensionless temperature

v kinematic viscosity

0 fluid density.

Subscripts

d discharge for stratifying the enclosure
lower layer
surface

1

s

u upper layer

0 jet discharge

o] ambient conditions.

free jets, with opposing buoyancy force in isothermal
environments. Such flows, which are usually termed
as negatively buoyant, have been studied earlier by
Turner [17] and Seban et al. [18], who considered free
jets. The penetration distance , was measured by
Goldman and Jaluria [16] and related to the inflow
conditions of the jet in terms of Richardson number
Ri at the discharge location. It was found that the
penetration distance &,, which is defined quanti-
tatively later in this paper, decreases with an increase
in Ri, due to the consequent increase in the opposing
buoyancy force. A steady state circumstance was
simulated experimentally and the net entrainment into
the flow was also determined. It was found that the
entrainment increases with Ri, over the range of 0.01—
0.15. Jaluria and Kapoor [19] extended this range to
values of around 0.6 and Kapoor and Jaluria [20}
investigated, in detail, the heat transfer characteristics
of a two-dimensional negatively buoyant wall jet in
an isothermal environment. The total heat transfer by
the jet to an isothermal surface was found to decrease
with an increase in Ri, due to the decrease in the
penetration distance. The effect of the wall tem-
perature on the jet penetration distance was also deter-
mined. It was found that the penetration distance de-
creases with an increase in the wall temperature due to
the decrease in the heat transfer rate, which gives rise
to a higher local buoyancy level opposing the flow.

It is seen from the above brief review of the relevant
literature that the flow of a turbulent jet with sig-

nificant, opposing, thermal buoyancy penetrating into
a thermally and stably stratified environment has not
been studied in detail. In the present paper, an exper-
iméntal investigation is reported on such flows,
employing a downward wall jet whose discharge tem-
perature is higher than the temperature of the two
layers and of the wall (see Fig. 1). The jet penetration
distance J, in a thermally stratified two-layer system
is measured and compared with that in an isothermal
medium. The circumstance for which the jet flow stays
within the upper layer and does not penetrate across
the interface is also investigated. The thermal field, the
heat transfer rate to the wall and the velocity field in
the vicinity of the interface between the two layers are
measured. From these measurements, the mass flow
rate penetrating downward at the interface and the
mass flow rate rising upward due to buoyancy effects
are obtained. The flow circumstance investigated is a
fairly complicated one and this study examines some
of the relevant basic considerations that arise.
Employing an experimental arrangement to simulate
the physical circumstances that arise in practical prob-
lems, such as those in enclosure fires, the study also
obtains quantitative data that can be used for esti-
mating transport rates in such flows.

EXPERIMENTAL ARRANGEMENT

Two independent experimental arrangements are
required to study the flow of a negatively buoyant
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jet in a stable thermally stratified environment. One
system is needed to generate the two-dimensional
heated jet and the other to establish a stable thermally
stratified environment in which an essentially iso-
thermal heated layer overlies a relatively cooler iso-
thermal layer. The flows considered are turbulent and
all the results are presented in terms of the time-
averaged variables.

Figure 1 shows a sketch of the experimental
arrangement employed for generating a two-layer,
thermally stratified environment in a glass enclosure.
Heated air flows into the enclosure over essentially
the entire cross-section at the top. The inflow velocity
U, is kept small, as compared to the jet discharge
velocity U,, and is generally of order 10 ¢cm s™' or
smaller. A blower is used to force ambient air through
a heated copper duct. The flow rate can be varied to
obtain a desired range of flow velocity Uy at the top
of the enclosure. The copper duct is 36 cm in length
and 13.2 cm x 10.8 cm in cross-section. Three fiber-
glass insulated strip heaters are wrapped around it
and heated electrically. The energy input to each of
the heaters is varied by means of power controllers.
A honeycomb and three very fine screens are used at
the exit of the copper duct to ensure uniform tem-
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perature and velocity distributions across the duct
(see Kapoor and Jaluria [20, 21]).

The copper duct leads into a diffuser which is
designed to keep the pressure loss small and the flow
at the diffuser exit as uniform as possible. The diffuser
has six guide vanes which divide the hot air flow from
the copper duct into seven portions. These separate
flows merge near the diffuser exit, where the velocity
U, is measured. The hot air is then discharged down-
ward into the glass enclosure, which is 1.5 m high and
1.37 m x 0.3 m in cross-section. The bottom of the
enclosure is kept open in order to simulate flow in an
extensive environment and to allow the lower part of
the enclosure to be in contact with and be at the same
temperature as ambient air. However, because of the
large size of the enclosure as compared to the flow
region of interest, the experimental results were found
to be essentially independent of whether the bottom
was open or closed. The left side of the enclosure
shown in Fig. | is the wall adjacent to which the heated
wall jet is discharged. This wall can be insulated or
maintained as isothermal at a temperature of up to
about 50°C above the ambient. The right side is kept
open to allow the hot air to flow out. Thus, a steady
flow situation is obtained, with the conditions of the

Fine screen
— ~ —— Blower :i Ar i
Al —= - >~ 0.23m|  ~
g : —~1.0.11m
- af = ,}/Stnp heaters * =
| —Copper tube z
Py 0.41m | £
Strip heaters ,;—::I» Insulation jacket z
Copper tube f_:—; .
Insulation jacket - Diffuser
i 0.59m
D)
Diffuser/ I | | R
! v Ugly ¥ ] 0.1m
Up. T y T
x L Fine/!
X Interf screen |
nterface |
[}
)
Q_/Gl;:éosure I 1.62m
Isothermal/ i
plate :
!
I
|
I
]
|
|
I
) R B B
|—0.3m—

FIG. |. Experimental arrangement for the study of the penetrative flow of a heated, two-dimensional wall
jet discharged downward into a two-layer thermally stable environment.
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stably stratified environment attained far from the
wall over which the jet flow occurs. The remaining
two, lateral, sides of the enclosure are closed by glass
walls to maintain the two-dimensionality of the flow.
Flow visualization is obtained by means of smoke, as
outlined by Goldman and Jaluria [16].

The thermal field inside the glass enclosure is mea-
sured by means of copper—constantan thermocouples
made of 7.62x10~° m diameter wires, using a
Keithley data acquisition system. Twenty thermo-
couples are fixed, at regular intervals, to the side walls
of the tank. These thermocouples are used to monitor
the vertical temperature distribution within the
enclosure. A stably stratified, essentially two-layer,
environment is generated and maintained for long
periods of time by this arrangement. The stratification
variables, such as the height of the interface between
the two layers and the temperature levels, can be
varied, as discussed in detail by Kapoor and Jaluria
[21] and also outlined later in this paper. Considerable
care is taken to ensure that the disturbances and vel-
ocity levels in the enclosure are very small in the
absence of the wall jet. The two layers were found to
be very stable, with extremely smalj (of order 0.5 cm
s™!) entrainment velocities across the interface when
the jet discharge is not turned on. Also, it was ensured
that the results obtained when the jet is turned on
are not significantly influenced by the arrangement
employed for stratifying the enclosure. For further
details on these aspects, see Kapoor and Jaluria [21].

Similarly, in order to generate a two-dimensional
heated wall jet, a blower is used to send ambient air,
over a wide range of flow rates, through a heated
copper tube. The copper tube is 5 cm in diameter and
I m in length. It is heated by means of three fiberglass
insulated heaters wrapped around it. A diffuser at the
end of the copper tube is employed to discharge the
heated air as a two-dimensional wall jet, whose width
can be varied. Several diffuser designs were considered
to ensure uniform flow at the exit. It was confirmed,
by temperature and velocity measurements, that a
fairly uniform, isothermal flow is obtained at the
diffuser exit. A maximum difference of + 5% from the
average values of the velocity and the temperature
was obtained across the jet discharge. The thermal
energy loss from the copper tube and the diffuser to
the environment is reduced by employing an insu-
lation jacket with an inner layer of fiberglass cloth
tape and an outer layer of glass wool. Finally, alumi-
num foil is wrapped around the insulation. For further
details on the arrangement, see Goldman and Jaluria
[16] and Kapoor and Jaluria [20].

The discharge temperature of the jet is measured
using a rake of five thermocouples located at the dis-
charge slot. The average of the temperature measured
by these five thermocouples is taken as the jet dis-
charge temperature T, in the experiment. A DAN-
TEC hot wire anemometer is employed for the
measurement of discharge velocity at the jet discharge.
The velocity distribution is obtained and the average

is taken as the discharge velocity U,. As mentioned
above, the cross-stream distributions were quite uni-
form. Since the air temperature changes substantially
in the present problem, a system for calibrating the
sensor at different fluid temperatures was developed,
as outlined later in the paper.

A water cooled aluminum plate, about 1 m in
length, is attached to the side wall of the enclosure
and the jet is discharged adjacent to this surface. Four
rectangular copper channels, each 2.5 cmx 1.2 cm in
cross-section, run along the length of the plate. Water
from a storage tank enters the channels at the top of
the plate and the water emerging from this arrange-
ment is allowed to drain into a sink. The temperature
of the water entering the plate is maintained at a
desired value by mixing hot and cold water streams
from two separate sources. Nine thermocouples are
embedded close to the plate surface to monitor the
plate temperature. For further details on the plate
assembly, see Kapoor and Jaluria [20]. The plate sur-
face could be maintained at a constant temperature,
with respect to time, by this arrangement. A fairly
uniform temperature distribution was found over the
plate surface, the maximum temperature difference
measured between any two embedded thermocouples
being of order 0.5°C.

The heat transfer from the wall jet to the plate was
measured by means of microfoil heat flow sensors
(RAF Type 20472-3). Each of the heat flow sensors
was 1.5 mmx 6 mm in surface area and | mm in
thickness, and could be attached easily to the plate
surface. The electric output (in mV) from the heat
flow sensors yields the heat flux (in W m~?) with
the help of individual calibration curves, which are
supplied by the manufacturer and also verified in this
study by using an electrically heated surface. The accu-
racy of the heat flux measurements is fairly high, with
an estimated error of less than 5% [20].

The velocity distribution in the flow has been
obtained by means of a DANTEC constant tem-
perature hot wire anemometer. The sensor is kept
horizontal and normal to the surface when measuring
the vertical component of the velocity for the two-
dimensional flow under consideration. Similarly, the
sensor is kept vertical for measuring the horizontal
component of the velocity. The effect of the com-
ponent along the sensor axis is negligible and the
transverse velocity component is expected to be small
for this two-dimensional flow, as also confirmed by
actual measurement (see Tewari and Jaluria [22]).
Though several calibration techniques are available
for high velocity levels, the calibration procedure for
velocity levels of less than around 1 m s™', that are
expected to be encountered here, is much more diffi-
cult. The thermal plume from the hot wire sensor rises
upward due to buoyancy, whereas in the present study
the flow direction can be downward or upward, giving
rise to opposing or aiding mixed convection flows,
respectively, at the sensor. Since both the plume vel-
ocity and the flow velocity may be of the same order
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of magnitude, for some cases, the calibration must be
carried out in the same flow configuration as en-
countered in the experiment [14, 22].

A special calibration facility was developed to cali-
brate the hot wire anemometer for the desired velocity
range, fluid temperature and flow direction. The cali-
bration facility consists of a slide on which the hot
wire is mounted. The slide is moved up and down a
channel by means of a chain which is attached to an
electric motor, with a speed controller. The slide can
be fixed at any inclined position, from horizontal to
vertical. During an experimental run, the output from
the hot wire anemometer is measured by means of a
Keithley data acquisition system. The output voltage
is obtained from this system for different velocities
and a calibration curve is plotted. Calibration curves
are obtained at several air temperatures, employing
the procedure, based on varying the overheat ratio
of the sensor developed by Hollasch and Gebhart [23].
Using numerical methods for curve fitting and inter-
polation, the velocity is obtained at various locations
in the flow field after correcting for the change in the
local temperature from the ambient temperature. All
these experimental techniques have been used earlier
in other flow configurations [14, 15]. The errors in the
velocity, temperature and heat flux measurements are
estimated to be within 7-8% of the measured values.
For further details on the calibration and on the
measurement of the two velocity components, see
Tewari and Jaluria {22]. The other references men-
tioned earlier may also be consulted for basic infor-
mation on this measurement technique for small
velocity levels.

The experimental results presented here are based
on the measurements of the time-averaged tem-
perature and velocity fields and of the heat transfer
rates. The mean flow was found to be quite steady and
the results were found to be essentially independent of
the integration time for the data when this time was
varied from about 20 s to a few minutes. The ampli-
tudes of the fluctuations in the instantaneous tem-
perature and velocity data were also measured. How-
ever, the effort was largely directed at the time-
averaged quantities to indicate the important mean
characteristics of the resulting transport processes. It
has been mentioned earlier that the flow velocities
resulting from the arrangement for generating the
thermal stratification in the enclosure are negligible
compared to those due to the wall jet. Another flow
that arises is due to the difference between the wall
and the local ambient temperatures, for the isothermal
wall circumstance. This buoyancy-induced flow arises
adjacent to the isothermal surface and, depending on
the temperature difference, may be upward or down-
ward in a given layer of the stratified region [7]. How-
ever, for the temperature and velocity ranges con-
sidered in this study, it can be shown that the flow
rates due to these buoyancy-induced flows are in the
range of 2-6% of the jet discharge flow rate. There-
fore, the effect of these flows, induced by the tem-

perature difference between the wall and the ambient,
on the wall jet penetrative flow under consideration
is negligible. Consequently, the experimental results
discussed in the next section closely represent the
transport processes resulting from a wall jet pen-
etrating into a stably stratified, two-layer, extensive
environment.

EXPERIMENTAL RESULTS AND DISCUSSION

The data presented here mainly consist of measured
time-averaged temperature distributions in the wall
jet, local heat flux distributions along the isothermal
plate for different wall temperatures, and temperature
distributions in the penetrating flow. The time-aver-
aged velocity distributions are also measured in the
flow, particularly near the interface between the two
layers of the stratified environment. The characteristic
quantities in this transport process may be taken as
the slot width D, which is appropriate since interest
lies mainly in regions close to the inlet, discharge
temperature T,, ambient temperature T, , and dis-
charge velocity U,. These lead, when the governing
equations are nondimensionalized, to the dimen-
sionless variables

X ¥y _ T-T,

X=> Y=o O‘TO—T,

- u - v p

U=--, V=—, P=—=. (n
Uy Uy pUs

The dimensionless governing parameters obtained are

_9B(To— T.)D*
v?

U,D )
Re=—2, Pi'=l, Gr
v o

where Re, Pr and Gr are the Reynolds, Prandtl and
Grashof numbers, respectively, and the other quan-
tities are defined in the Nomenclature. Also, the
Richardson number Ri, which is often employed for
characterizing such flows, is defined as

Ri = Gr[Re® = M 3)

Us

As mentioned later, Ri may also be based on (T, —T,)
or (T,—T,), for flows within the upper or the lower
layer, respectively. The upper layer temperature
0,= (T,—T,)/(Ty—T,), the surface temperature
0,=(T,—T,)/(To—T,), and the interface height
L/D are three additional dimensionless parameters
that arise. The local heat transfer rate is given in
dimensionless form in terms of the local Nusselt num-
ber Nu,, where

hD
Nup = —-

o~ and g =h(T,—T,). )

Here, / is the local convective heat transfer coefficient
and ¢ the measured local heat transfer flux to the
surface.

Thus, the basic governing parameters are Gr, Re,
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Pr, L/D, 0, and 0,. However, the fluid employed is
air, so that the Prandtl number Pr is close to 0.7 for
all the results presented here. The Reynolds number
Re is varied from about 2 x 10* to 10* and the Grashof
number Gr from about 10° to 107, with a Richardson
number Ri range from about 0.05 to 1.2. It has been
shown in earlier papers [16, 20] that the experimental
results can be very well correlated in terms of Ri and
that the dependence on Re is relatively weak over the
experimental range investigated. This result has also
been obtained for turbulent buoyant jet flows, as
reviewed by Gebhart et al. [15]. Therefore, the results
are presented in terms of Ri in this paper, rather than
in terms of the individual parameters Re and Gr.

The location of the interface, as given by the par-
ameter L/D, is also varied, with L/D ranging from
about 6.0 to 9.0. The surface temperature 0, and the
upper layer temperature 0, are varied over wide
ranges, keeping the wall jet negatively buoyant in the
two regions. The slot width D is varied from 1.0 to
7.0 cm, the jet discharge temperature excess (7,—T,))
from about 10 to 80 C and the jet discharge velocity
U, from about 0.4 1o 1.5 m s~'. The intensity of
turbulence was found to be of order 5% and the mean
values, obtained by averaging over a time of more
than about 20 s, are presented here. An extensive
study was thus carried out. However, only some of
the typical results are presented here for conciseness.
These represent the general trends obtained in the
study. Let us first consider the basic characteristics of
the thermal stratification generated in the tank for the
study of penetrative convection.

Stratification in the enclosure

Figure 2 shows the vertical temperature dis-
tributions measured within the enclosure for three
different values of AT, = T,— T, at Uy = 0.12ms ™',
where T, and U, are the time-averaged discharge tem-
perature and velocity, respectively, of the heated air
inflow at the top of the enclosure for stratifying the
environment within it. Here 0y = (T—- T )/(Ty—T.).
It is seen that the temperatures are almost uniform in
the upper portion of the enclosure and that a sharp
decrease in the temperature level is found to arise in
the region x/H = 0.30-0.37 at AT, = 31.5°C, where
H is the enclosure height. This is followed by a gradual
decrease in temperature, which finally becomes equal
to the ambient temperature T, at the bottom of the
enclosure. The temperature distribution obtained
indicates the presence of a well established, two-layer,
stably stratified environment in the enclosure. Thus,
an upper hot layer of essentially uniform temperature
T, overlies a relatively cooler lower region at tem-
perature 7,. The interface between the two layers is
defined by replacing the measured temperature dis-
tribution by a step change from one zone to the other,
keeping the thermal energy unchanged [21]. This
yields the value of the parameter L/D that char-
acterizes the location of the interface in later exper-
iments. As mentioned earlier, the fluctuations in vel-
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Fig. 2. Effect of the discharge temperature difference

AT, = T,—T, on the stratification in the enclosure at

Uy=0.12ms 'and T, = 26.0'C. (V) ATy = 31.5C: (A)
AT, =23.0°C;(Q) AT, =13.5C.

ocity and temperature were found to be extremely
small in the vicinity of the interface in the absence of
the wall jet and also far from the wall when the jet
flow was present. An estimate of the turbulent energy
flux across the interface for these circumstances indi-
cated it to be negligible compared to the thermal
diffusion effect, which is also the main cause for the
temperature spread near the interface.

It was found that the temperature distribution
remains essentially constant with time and thus could
be maintained indefinitely. As can be seen from the
figure, the location of the interface moves upward as
AT, is increased. Time-averaged velocity data were
also obtained in the enclosure. It was found that the
mean velocities were largely in the range of 0-3 cm
s~ ' for the flow rates employed here, exeept very near
the inlet. The presence of such low velocity levels
indicates that the upper hot layer is fairly stagnant in
nature and that the effect of these velocities on the
flow under consideration may be neglected. Also, due
to the strong thermal stratification obtained, the
entrainment from the lower to the upper layer, across
the interface, was found to be negligible. Several other
results similar to those shown in Fig. 2 were obtained
by Kapoor and Jaluria [21]. The inlet conditions
needed for the desired interface location and tem-
perature levels for the two-layer environment in the
enclosure may be determined, employing results on
the dependence of L/H on the discharge conditions for
stratifying the tank, as represented by the Richardson
number Ri;, where Riy = gB(Ty— T,,)H/U]. There-
fore, the interface location may be varied by a proper
choice of T and U, [21].
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Jet ‘penetration into a two-laver stably stratified
environment

The variation of the penetration distance 8, with
the mixed convection parameter Ri. for an adiabatic
condition at the vertical surface, is shown in Fig. 3.
The penetration depth o, was defined as the vertical
distance, from the jet discharge, over which significant
thermal effects are observed. In most cases, it was
found to be close to the vertical location where the
local maximum temperature excess (7,,,,— 7T, ) has
dropped to 1% of inlet excess temperature, (T,— T, )
(see Goldman and Jaluria [16]). A horizontal array of
thermocouples was moved upward through the lower
zone, toward the interface, till a sharp increase in the
temperature level was observed. This location was
obtained quantitatively by plotting the vertical tem-
perature distributions in the flow and taking a sharp
change in the profiles as indicative of the extent of the
downward penetration of the thermal field. It was
found that the repeatibility of this measurement was
high, being within about 5% of the measured pen-
etration distance. The choice of an arbitrary criterion,
suchas (7,.— T, )being 1% of (T,— T, ). for obtain-
ing ¢, was found to yield poor repeatibility and also
inaccuracy in measurement because of the relatively
gradual vertical temperature variation in much of the
region far from the jet discharge. However, a sharp
change in the profile was clearly observed downstream
and was used to define the downward penetration
distance J,. This location also agreed with the flow
visualization results, as shown by Goldman and
Jaluria [16] and also discussed later in this paper.

It is seen from Fig. 3 that, at a given value of R,
the jet penetrates to a much larger distance in the
stratified environment -than in an isothermal one at
the ambient temperature of T,.. This is because of a
smaller opposing buoyancy effect in the former case.
The buoyancy force is governed by the temperature
difference (T,—T,), where T, is the local environ-

Jet in stratified medium

™~
—~
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FiG. 3. Measured penetration depth J, for a negatively
buoyant jet adjacent to an adiabatic wall in an isothermal
medium, as well as that in a stably stratified two-layer
environment, for T,— 7, = 33°C, T, = 25°Cand L/D = 8.2.
(@) Ri based on Ty—T,; (O) Ri based on T,— T, taking
T,=T,; (~—--) jet in an isothermal environment.

mental temperature. Thus, T, is the lower layer tem-
perature T, or the upper layer temperature 7, depend-
ing on the zone under consideration. The opposing
buoyancy force is much larger in the lower zone than
in the upper layer. Similarly, the buoyancy effect in
an isothermal environment at T,. or 7, is much larger
than that in the upper zone at 7,. This results in a
smaller penetration depth in an isothermal region at
T,.

It is interesting to note that if the mixed convection
parameter Ri is defined in terms of (T,— T,), which
is the jet discharge temperature excess over the upper
layer temperature T, (see equation (3)), the dimen-
sionless results are found to be close to those for a jet
in an isothermal medium, whose temperature is now
taken as T, since Ri is defined in terms of this tem-
perature. This is due to the fact that, as mentioned
earlier, the buoyancy effect in the jet is determined by
the temperature difference (T, — T, ) in the upper zone,
which plays a dominant role in determining the pen-
etration of the jet in the two-layer environment. Thus,
by defining Gr in terms of (T,—T,), the buoyancy
effect in the upper zone is accounted for. However,
the penetration distance &, is found to be smaller in
the stratified case than in an isothermal medium at
temperature T,. This is an expected result, since in the
former circumstance, the flow encounters an increased
opposing buoyancy force as it penetrates into the
lower layer, a situation that does not arise in the
isothermal medium.

The measurements of the penetration distance can
be correlated in terms of the é,/D dependence on Ri,
which is the dominant parameter that affects pen-
etration [16, 20]. The correlating equations thus
obtained for the parametric range shown in Fig. 3, for
an insulated vertical surface, are

0
B" = 4.45(Ri)~%%% Ribasedon (T,—T,) (5)
0

B" =4.45(Ri)"%%"% Ribasedon (T,—T,) (6)

o
5” = 4.45(Ri)~%*'®, for an isothermal medium.  (7)

The correlation coefficients, which characterize the
accuracy of the representation of the data with a cor-
relating equation [24], for all these results were cal-
culated and were found to be around 0.99. Thus, these
correlating equations closely approximate the data
obtained.

It must be noted that the results presented in Fig.
3 were for L/D = 8.2 and the given temperature levels
in the stratified region. The penetration depth §, is
obviously a function of L/D, 0, and the thermal con-
ditions at the wall. The value of L/D determines if
the flow penetrates into the lower layer. If 6, from
equation (7) is less than L, the flow is contained within
an isothermal region at temperature T, and the results
obtained by Goldman and Jaluria {16} and Kapoor
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and Jaluria [20] may be employed to characterize
the flow. Therefore, this situation applies if
4.45(Ri)~ "' < L/D, where Riis based on (Tq—T,).
However, if the flow penetrates into the lower layer,
both 0, and L/D become important parameters in
characterizing the flow and the penetration. For the
range of L/D considered here, the results, in dimen-
sionless form, were found to vary weakly with L/D.
However, for very small values of L/D, the depen-
dence of the penetration on L/D is expected to be
much stronger. The effect of the temperature dis-
tribution is included in the results through the
Richardson number and that of the surface tem-
perature is considered below.

Penetration depth measurements were also made
for the isothermal surface condition. The cor-
responding heat transfer results are discussed later in
the paper. The physical characteristics of the pen-
etrative flow were very similar to those obtained
earlier for the adiabatic thermal condition at the wall,
though the actual measured value of 6, was altered,
as expected. Due to heat transfer to the wall, the
opposing buoyancy effect is reduced, resulting in
larger penetration distances compared to those for the
adiabatic condition. This trend was also observed by
Kapoor and Jaluria [20] for negatively buoyant wall
jets in extensive, isothermal media. The penetration
distance J, measured in the present study was closely
correlated by the equation

= (4.1 —5.90,)(Ri) 104+ 090 8)

ol

for 0, ranging from 0.0 to 0.5. Here, 0,=
(T,-T)(Ty,—T,), T, being the surface tem-
perature and 7', the ambient temperature, as defined
earlier in equation (1). Therefore, the penetration
depth ¢, is increased due to heat loss to the wall and
a smaller value of 0, leads to a larger penetration
distance.

The location of the interface between the two layers,
as obtained by replacing the measured temperature
distribution by an idealized two-layer region with the
same thermal energy, is also shown in Fig. 3. The
results shown here are restricted to a maximum Ri
value of about 0.35, since for larger values of Ri the
jet flow was found to be contained within the upper
layer only and unable to penetrate into the lower layer,
for the chosen thermal stratification of the environ-
ment. Thus, for Ri > 0.35, the problem reduces to that
of a negatively buoyant jet in an isothermal medium
at temperature 7,. As discussed above, the results
obtained in earlier studies may thus be used to deter-
mine the characteristics of the flow for Ri £ 0.35.

In order to obtain a better understanding of the
basic nature of the penetrative wall jet flow, a detailed
measurement of the thermal field was also carried out,
using an array of thermocouples. Typical measured
time-averaged temperature distributions are shown in
Fig. 4 at Ri = 0.1. All these measurements were taken
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FIG. 4. Measured temperature profiles at various vertical
locations below the interface, which is at x/D = 8.8, for
Ri=0.1,7,—-T,=33C (0, =0.62) and 0, = 0.0.

below the interface, which was at x/D = 8.8 for this
experiment. Thus, a decrease in the temperature level
as x increases and an outward spread of the thermal
field, indicating the shift from the downward wall flow
to the upward reverse flow, are clearly seen. From
these measurements, the corresponding time-averaged
isotherms may be obtained by interpolation, as shown
in Fig. 5. The isotherms indicate the thermal field
resulting from the penetration of the wall jet across
the interface for the conditions indicated. The basic
characteristics of this flow in the lower zone, following
penetration, are very similar to those of a negatively
buoyant jet in an isothermal medium (see Turner [13,
17]). Thus, the penetration in the lower layer may be
characterized in terms of a local Richardson number
at the interface. The fluid in this flow penetrates to a
finite vertical distance, becomes stationary and then
rises vertieally upward due to thermal buoyancy as a
plume. A large outward spread of the flow, away from
the wall, is seen. This is in agreement with the earlier
work of Goldman and Jaluria [16] and of Kapoor and
Jaluria [20], who observed a large horizontal spread
of the flow and also obtained a large entrainment into
the flow for Ri values ranging up to about 0.6.

Flow field near the interface
The penetration of the wall jet across the interface
affects the transport between the two layers. In the
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x/D
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FiG. 5. The thermal field, in terms of the isotherm distri-

bution, resulting from the penetration of a negatively buoy-

ant wall jet into the lower layer of a two-layer stably stratified
medium for the conditions of Fig. 4.

relevant problems of practical interest, mentioned
earlier, it is important to study the flow field near the
interface and to estimate the flow rate which pen-
etrates into the lower layer as well as that which rises
upward across the interface [6, 7]. In order to estimate
these flow rates, it is necessary to measure the dis-
tribution of the time-averaged vertical velocity com-
ponent in the vicinity of the interface. As mentioned
earlier, a constant temperature hot wire anemometer
was used for the velocity measurements in this study.
The hot wire sensor was kept horizontal and per-
pendicular to the surface. For the two-dimensional
flow under consideration, the transverse velocity com-
ponent is negligible, as was also confirmed from actual
measurement. These measurements yield the velocity
component normal to the sensor, this being the ver-
tical component of the flow velocity. The hot wire was
also employed in other flow orientations, using the
flow in a channel which could be inclined to confirm
the accuracy of these measurements. For further
details on the calibration and on these measurements,
see Tewari and Jaluria [22].

A typical vertical time-averaged velocity dis-
tribution obtained from the measurements is shown
in Fig. 6(a) at Ri =0.121 and at x/D = 8.8, which
corresponds to the location of the interface between
the two layers. It is seen that, as one moves away from
the surface, the velocity increases from zero at the wall
to a fairly uniform value in the downward flow. It
then gradually decreases along the y direction, away
from the wall, becomes zero and then negative. A
negative value here represents an upward flow. This
upward flow velocity increases up to a certain distance
from the wall and then decreases gradually to finally
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F1G. 6. Measured distributions of the vertical velocity com-

ponent (a) and temperature (b) at the interface (L/D = 8.8)

of the idealized two-layer environment at Ri=0.121,
T,-T,=33C(0,=0.51)and 0, = 0.0.

become zero far from the wall, as expected. It is inter-
esting to note that the region of downward flow has
increased in dimensionless thickness from 1.0 at x =0
to about 2.8 at this vertical location. The upward flow
also has a much greater horizontal extent, as observed
in earlier studies [16]. The velocity levels have clearly
decreased substantially from 1.0 at the discharge to
account for this large horizontal spread. The basic
trends indicated by this figure are, therefore, phys-
ically expected.

The corresponding time-averaged temperature dis-
tribution at this vertical location is shown in Fig.
6(b). As can be seen from this figure, the temperature
decreases gradually in the y direction, starting with a
maximum value at the wall, and finally becomes equal
to that of the local surroundings. A relatively sharp
change in the temperature level arises between the
downward and upward flow streams. Clearly, the
thermal energy diffuses outward rapidly as the flow
proceeds downstream. By integrating the product of
the local time-averaged velocity and the density, as
obtained from the measured temperature distribution,
over the distance from the wall, mass flow rates can
be obtained for both the downward and the upward
flows. Several measurements such as those shown in
Fig. 6 were taken and trends similar to those discussed
above were obtained over the experimental range con-
sidered here.

The jet mass flow rate, m;, discharged at the slot is
given per unit transverse dimension by the expression

m; = poDU, )

where p, is the air density at the jet discharge tem-
perature. This mass flow rate is employed in non-
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dimensionalizing the time-averaged penetrative mass
flow rates. The mass flow rate which penetrates down-
ward across the interface m, was computed {rom the
measured velocity and temperature distributions and
compared with the jet discharge mass flow rate my.
The variation of m,/m; with Ri is shown in Fig. 7(a).
It is seen that for small values of Ri, corresponding to
small jet excess temperatures (T,—7,.) for given D
and U,, the penetrating mass flow rate is close to the
discharged mass flow rate. However, at higher values
of Ri, for which the jet excess temperature (T,—7,)
is larger, resulting in a larger opposing buoyancy
force, the penetrative mass flow rate is found to be
less than the discharged jet mass flow rate. This indi-
cates that for larger values of Ry, the jet loses a larger
portion of the flow in the upper layer. The opposing
buoyancy effect is stronger at larger values of Ri,
resulting in a shorter penetration distance, as seen
earlier. Flow reversal occurs over the entire length of
the wall jet, particularly in the outer region of the jet,
as seen in Fig. 5, and this effect is expected (o increase
as Riis increased. The results in Fig. 7(a) confirm this
trend. In fact, for 4.45Ri~"*' < L/D, with R/ based
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F1G. 7. Variation of the downward penetrative mass flow

rate m, across the interface (a) and ratio of the upward,

buoyant flow rate m, to m, at the interface (b) with Ri at
T,—-T)=133°C,0,=0.0and L/D = 8.75.

on (T,—T,). m, becomes zcro, since the wall jet does
not penetrate into the lower layer, as seen earlier.

Figure 7(b) shows the variation of my/m, with Ri,
where m, is the time-averaged buoyant mass flow
rate rising upward to enter into the upper layer, as
sketched in the figure. It is seen that at small values
of Ri, the mass flow rising upward is 3—4 times the
downward, penetrating mass flow. This implies that
the downward, penetrating jet flow entrains a sub-
stantial amount of fluid from the lower layer. Similar
trends have been seen in earlier studies [16, 20]. The
entrainment is found to decrease with an increase in
Ri. This may be explained as lollows. With increasing
Ri, the opposing buoyancy effect increases and the
penetration distance J, decreases. As Ri— 0, the
upward flow becomes weaker for the isothermal wall
condition because of the heat transfer to the wall. As
this parameter increases from zero, the upward flow
becomes more vigorous and the mass flow rate
increases. However, due to the decrease in penetration
distance with increasing values of Ri, the entrainment
into the flow is expected to decrease at large R/, Again,
for 4.45Ri~"*" < L/D, employing Ri based on the
upper layer temperature difference (T,—T7,), m,
becomes zero since the wall jet does not penetrate into
the lower layer. There are clearly two opposing effects
acting here. With increasing Ri, the penetration dis-
tance decreases and the upward buoyant flow
increases in strength. The first effect decreases the total
entrainment into the negatively buoyant flow and the
latter effect increases it. It is seen from Fig. 7(b) that,
over the investigated range, the former effect domi-
nates. The values of the parameter Ri shown in Fig.
7(b) are based on the inlet conditions of the jet. How-
ever, a local value of Ri can also be defined in terms
of the conditions at the interface, as mentioned earlier.
These local values are in the range of 1.0-4.5 for the
data shown in Fig. 7(b), indicating a large opposing
buoyancy effect in the lower region and the conse-
quent decrease in entrainment with an increase in this
parameter.

Heat transfer to an isothermal surface

The local surface heat flux ¢, varying along the
height of the isothermal plate due to the discharge of
the heated jet adjacent to it, was measured. The heat
transfer rate may be expressed in terms of the Nusselt
number, Nu,, based on the width D of the slot through
which the jet is discharged, as defined in equation (4).
The distribution of the Nusselt number Nu, = hD/k
along the isothermal plate, for Ri = 0.148 and three
values of the plate temperature 6., is shown in Fig.
8(a). Here, h = ¢q/(T,— T,), as mentioned earlier. The
corresponding penetration distances J, have also been
marked in the figure. It is seen that the local heat
transfer rate decreases sharply along the plate height
and then becomes essentially uniform over the remain-
ing portion of the plate. Thus, for a dimensionless
surface temperature 0, of —0.008, which represents
the case of T, ~ T, the local heat transfer to the plate
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F1G. 8. Local heat transfer rate to the wall, given in terms of

the local Nusselt number Nuy, in a two-layer stably stratified

environment. (a) Ri = 0.148, T,— T, = 35°C (0, = 0.66) and
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(b)Ri = 0.249, T,—T,=35°C (6, =0.39) and L/D =8.0;
(Q) 0, = —0.005; (A) 0,=0.12; (O) 0, = 0.23.

does not become zero even after the jet reverses its
direction. This is due to the fact that the ambient
temperature T, which is 25°C for this experiment, is
slightly higher than the plate temperature 7.

The results for plate temperature 0, values of 0.2
and 0.4 are similar to that observed for the plate
temperature 0, of —0.008, except that the heat transfer
rale becomes negative after a certain distance, indi-
cating heat loss by the plate to the environment. The
distance over which ¢ is positive is denoted as 4 and
is found to be the distance up to the location where
the local jet temperature becomes essentially equal to
the plate temperature 7. The temperature level in the
jet flow, from &, to Jp, is therefore lower than the
plate temperature. Obviously, heat is transterred from
the isothermal plate to the jet in this region. Figure
8(b) shows the corresponding results at a different
value of the Richardson number Ri. Trends very simi-
lar to those seen in Fig. 8(a) are observed. The pen-
etration distances are smaller due to the larger R/, as
compared to the corresponding values in Fig. 8(a).

The decay of the temperature level with the height
is seen more clearly in Fig. 9, which shows the local
maximum temperature in the wall jet flow as a func-
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FiG. 9. The downstream decay of the maximum temperature
in the flow at Ri=0.08, T,—T,=33"C (8, =0.62) and
0, =0.0.

tion of the height x. The observed trends support the
measured heat transfer rate variation over the vertical
surface. This figure also shows the sharp change in
the temperature distribution that is used for the deter-
mination of é,. Clearly, the penetration of thermal
effects is indicated by a sharp deviation in the uniform
or gradually varying temperature distribution far
downstream. Similar trends were observed at other
values of the governing parameters.

Flow visualization

The flow was also visualized with smoke. The
smoke is generated by the evaporation of kerosene oil
as it flows through an electrically heated steel tube.
The smoke was introduced into the flow upstream of
the diffuser so that it becomes heated along with the
air and exits at the same local temperature as the jet.
Figure 10 shows photographs of the movement of
smoke introduced into the steady penetrative flow
under investigation. Figures 10(a) and (b) show the
basic flow characteristics of a wall jet penetrating into
a two-layer stably stratified environment. Figure 10(c)
shows the smoke moving out of the enclosure. These
pictures confirm the existence of a well established hot
upper layer, at an essentially uniform temperature,
inside the enclosure and qualitatively indicate the wall
jet penetration into the lower layer. A fairly sharp
interface is seen, as discussed earlier. The jet flow
penetrates across the interface, entrains fluid from the
lower isothermal layer and finally escapes through the
open end of the enclosure. The penetration distance
8, is clearly defined. These observations agree with
the detailed measurcments of the temperature and
velocity distributions discussed earlier. It is also
observed that the stratified environment away from
the wall jet remains essentially unaffected by the flow,
lending support to the experimental procedure
employed here 1o study the penetration of a wall jet.

The visualization procedure was also extended to
various other circumstances, such as the situation
when the wall jet fails to penetrate with the lower
layer and is contained within the upper region. Results
similar to those presented by Goldman and Jaluria
[16] were obtained in this case. Similarly, the differ-
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FiG. 10. Photographs indicating the flow of smoke in the penetration of a two-dimensional wall jet into
the lower layer of a two-layer thermally stable environment.

ence in the flow penetration for isothermal and adia-
batic wall conditions was investigated. confirming
that the penetration distance is larger in the latter
case. Thus, visualization may be employed to provide
qualitative corroboration of the cxperimental results
in such penetrative flows.

CONCLUSIONS

A detailed experimental study has been carried out
to investigate the interesting flow circumstance of a
heated, downward discharged wall jet in a two-layer
thermally stable environment, when the jet is nega-
tively buoyant in both the layers. The penetrative

jet flow in such thermally stratified environments is
important in many practical problems, such as enclos-
ure fires and .thermal energy discharge into the
environment. A heated two-dimensional jet at tem-
perature T is discharged vertically downward adjac-
ent to an adiabatic or isothermal plate in a large
enclosure. The penetration distance J, was measured
and was found to be greater than that in an isothermal
medium at the lower layer temperature. This is due
to the fact that the opposing buoyancy effect, which
depends upon the difference between the jet discharge
temperature and the local ambient temperature, is
much smaller in the upper zone, which is at a tem-
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perature higher than that of the lower layer for a stable
stratification. However, if the buoyancy parameter Ri
is defined in terms of the upper layer temperature T,
the nondimensional results are found to be close to
those for a negatively buoyant jet in an isothermal
medium at the upper layer temperature 7,,. This implies
that the buoyancy effect resulting from the temperature
difference (T,— T,) in the upper layer is the dominant
mechanism in this penetrative flow over the exper-
imental range investigated. Correlating equations are
also obtained for estimating ¢, for a wide range of
operating conditions.

A detailed study of the resulting thermal and flow
fields has also been carried out. The results are pre-
sented in terms of the time-averaged variables and
show that the flow characteristics following pen-
etration into the lower region are very similar to those
for a negatively buoyant jet in an extensive, isothermal
medium. The mass flow rate which penetrates down-
ward, across the interface, and the mass flow rate
which rises upward due to buoyancy are determined
from the velocity and temperature distributions mea-
sured close to the interface. For large values of Ri, the
jet loses a significant portion of the fluid flow from
the discharge location up to the interface, due to the
opposing buoyancy effects, and is found not to pen-
etrate at all if the Richardson number is large enough
to restrict the penetration to the interface location.
Following the penetration, if the flow does penetrate,
the flow entrains fluid from the lower layer. The local
heat transfer flux measurements along the length of
the isothermal plate show that the local heat transfer
rate decreases sharply along the plate, becoming fairly
small beyond the penetration distance and gradually
decaying to zero far downstream. The heat transfer
rate to the plate beyond x = §, is positive, zero or
negative, depending on whether the plate temperature
T, is smaller than, equal to or larger than the ambient
temperature 7,. Again, correlating equations are
derived from the experimental data to allow an esti-
mate of the heat transfer rate to the surface. The
flow circumstance considered is a complicated, though
important, one and this study presents a detailed study
of the basic transport processes involved and also
yields quantitative information on physical quantities
of interest in several practical problems, particularly
those related to enclosure fires.
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