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Studies of Interface Deformations in Single- and
Multi-Layered Liquid Baths Due to an Impinging Gas Jet

F. QIAN, R. MUTHARASAN, and B. FAROUK

An impinging gas jet on a molten bath having a slag layer on top is encountered in various metal
processing operations. The impinging region was studied using a physical model consisting of an
air jet and water bath. Kerosene and corn oil were used as the second layer to investigate the role
of the slag layer properties on interface shape and bath circulation. The interface shapes were mea-
sured both photographically and by using a surface-tracking resistance probe. The limiting condition
at which the jet breaks through the kerosene or corn oil layer and reaches the water layer was
determined experimentally. A phenomenological model for the prediction of penetration depth is
developed for both short and long jet heights for liquid baths with and without a second liquid layer
on top.

I. INTRODUCTION

AN impinging gas jet on molten metal baths is com-
monly encountered in such processes as basic oxygen fur-
nace (BOF) and electric arc furnaces (EAF). A protective
slag layer is usually found over the molten metal bath in
such cases. Knowledge of interface shapes and local fluid
flow fields in the impinging region is important for char-
acterizing the interaction of the metal bath with the sur-
roundings. Most published articles to date have focused on
the impinging gas jet on a single liquid bath, while in prac-
tice, two liquid layers are encountered. For example, Mat-
thieu,[1] Maatsch,[2] and Banks and Chandrasekhara[3]

performed experiments with impinging air jet on a single
liquid bath of water, and Cheslak et al.[4] conducted meas-
urements of liquid surface deformation using two separate
experimental models, viz. an axisymmetric impinging air jet
on water and again on fast setting cement. The latter ap-
proach preserved the interface shape so that approximate
measurement of the interface shape could be made. Wak-
elin[5] examined the interactions between gas jets and the
surfaces of liquids, including molten metals. The experi-
mental investigation again involved an air jet impinging on
a single liquid bath. The focus of the study was on the
effect of the jet characteristics on the size and shape of the
depression formed in the liquid, bath circulation, mass
transfer rate, and conditions at which splashing occurs. In
addition, characterization of the flow field induced by the
jet in the liquid bath was also made. Photographic studies
showed that the liquid at the interface moved rapidly to-
ward the vessel wall, and the return flow caused the for-
mation of a toroidal vortex. Although Wakelin’s study
yielded important insights into the impinging jet problem,
his study was limited to a single-layer liquid bath.

In the BOF or EAF process, a gas jet (oxygen) entrains
and reacts with the surrounding gas and molten liquids (slag
or metal) and exchanges mass momentum and heat with
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them. The temperature, density, and compositions of the jet
also vary along its path. Sharma et al.[6] studied the jet
penetration and bath circulation in a 200-lb BOF. They
found that the depth of jet penetration was solely governed
by the mechanical forces of the oxygen jet. The bath cir-
culation was also mainly driven by the oxygen jet force.
Careful study of the literature indicates that influence of the
top slag layer properties on the local transport phenomena
has not been investigated for these types of processing sit-
uations. The present study is considered to be a first step
in systematically investigating the effects of the upper layer
liquid properties on the interface shape and flow behavior
in a two-layer liquid bath driven by an impinging gas jet.

Only a few studies consider an impinging jet on a two-
liquid layer bath. Turkdogan[7] examined photographically
the phenomenon of ‘‘emulsion’’ formation. His goal was
to better understand the mechanism of formation of metal
droplets dispersed in slags of open-hearth steelmaking pro-
cesses and more importantly in BOF. In these processes,
metal droplets are formed and dispersed in the slag layer
due to the impinging gas jets, as well as rising gas bubbles.
It was believed that rising bubbles will carry with them a
small amount of metal into the slag layer, where they be-
come entrained by surface tension forces. It was found that
at low impinging jet velocities, no emulsification occurred,
while at high jet momentum, oil and water layers became
emulsified at the interface. The condition at which this oc-
curred was when the top liquid layer was completely pen-
etrated by the jet to reach the liquid bath beneath it. He and
Standish[8,9] studied liquid droplet generation due to gas jet
impingement using water and glycerin/mercury models. Al-
though Turkdogan and He and Standish[8,9] provided in-
sights into the nature of the droplet formation due to
impinging jet, measurements of deformation were not per-
formed and the effect of transport properties of the slag
layer on liquid metal circulation was not investigated.

In this article, using a physical model consisting of an
air jet and water bath, with kerosene or corn oil as a second
layer over the water, interface shapes and penetration
depths are characterized based on fundamental process var-
iables. Effects of the transport properties of the two liquids
(kerosene and corn oil) on the interface shapes and flow
fields are also experimentally determined under various im-
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Fig. 1—Experimental arrangement.

Fig. 2—(a) through (c) The probe signal recorded by an oscilloscope.

pinging jet conditions, namely, jet diameter, jet height, and
jet momentum. A formulation for predicting penetration
depth for both short and long jet height ranges is estab-
lished based on process parameters. An existing model by
Wakelin[5] was extended to incorporate both short and long
jet heights.

II. EXPERIMENTAL METHODOLOGY

A. Apparatus

The experimental facility used is shown in Figure 1. It
mainly consists of a cylindrical glass vessel that contains
the liquids (corn oil/water or kerosene/water), a flow rate
meter and flow control valves, a jet nozzle which generates
the gas jet, and a traversing mechanism which carries an
electroresistivity probe to measure the position of the in-
terfaces. The aim of the experiments was to determine the
interface geometries for a range of impingement conditions.
The cylindrical glass vessel is 29.8 cm in diameter and 20.3
cm in depth. Optical distortion due to the circular surface
was eliminated by placing the vessel in a square glass cyl-
inder also filled with water. A U-shaped resistivity probe
(Figure 1) is designed such that it does not interfere with
the jet flow field. The electroresistivity probe works like a
switch. The probe is insulated except at the tip region.

When the tip submerges in water, the switch is ‘‘on’’ since
water is conductive; when the tip is in air, the switch is
‘‘off.’’ The details about the probe were given by Turkoglu
and Farouk.[10] The interface region is detected by a change
in the output (voltage) of the probe signal.

When the jet momentum is greater than a certain critical
value, oscillations of the interface have been observed. For
an oscillating interface, the probe signal also fluctuates. In
such cases, an attempt was made to measure the mean lo-
cation of the interface. Figures 2(a) through (c) are repre-
sentative probe signals recorded by an oscilloscope for a
fluctuating air/water interface. The width of the upper line
of the signal represents the time when the tip of the probe
is in the water. The width of the lower line of the signal
represents the time when the tip of the probe is in air. For
oscillating interfaces, the signal traces as shown in Figures
2(a) and (b) indicate that the probe position is at a location
either lower or higher than the mean interface location. The
probe tip is at the mean interface location for the signal
trace shown in Figure 2(c).

Flow visualization studies were conducted to characterize
the interface shapes for the single-layer and two-layer liquid
baths. The illumination light was provided from the back
of the bath and a Nikon SLR camera was used to record
the images on high speed photographic film.

B. Procedure

First, the air/water interface due to the impinging gas jet
was studied with no second layer. All experiments were
conducted at room temperature (293 K). The three nozzles
used were of diameters 0.58, 1.2, and 2.3 cm, respectively.
The distance of the nozzle exit from the undisturbed water
surface varied from 1.5 to 21 cm in the experiments. For
each of the experimental cases, a range of flow rates from
0.5 to 12.5 SCMH was considered for investigating the in-
terface shape. The range of air flow rate and nozzle diam-
eters was selected to avoid the gas dispersion region. At
high gas flow rates, gas is injected into the liquid pool,
resulting in dispersion in the liquid phase. Although this
region of operation is important from a practical viewpoint,
under such conditions, the interface shape is very oscilla-
tory, obviating reproducible depression measurements.
Since our objective is to first establish the nature of inter-
face shape and the nature of flow field at the interface, all
experiments were limited to the momentum transfer region,
wherein the interface shape showed no or little interface
oscillation. Kerosene/water and corn oil/water systems sub-
jected to impinging gas jets were studied next. A thin layer
of kerosene or corn oil was laid over the water surface to
simulate metal/slag layer interaction as found in metal pro-
cessing and refining. The interface shapes (gas/liquid and
liquid/liquid) behave quite differently from the interface
shapes observed with a single liquid layer. Corn oil has a
viscosity of 46 cp, while kerosene has a viscosity 1.5 cp,
and the viscosity of water is 1.0 cp at 293 K. Correspond-
ingly, corn oil density is 0.86 g/cm3, kerosene density is
0.81 g/cm3, and water density is 0.99 g/cm3. Typical values
of viscosity of slag and steel are 200 and 6 cp, respectively.
The ratio of momentum diffusivity of kerosene to water is
about 1.9, for corn oil to water 55, and for slag to steel
melts about 900. Although the corn oil/water system has a
significantly lower momentum diffusivity ratio compared to
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Fig. 3—Effect of air flow rate on interface shape (and deviation error) for
a single-layer liquid bath at a jet height of 5 cm and jet diameter of 1.2
cm.

Fig. 4—Effect of jet height on interface shape for a single-layer liquid
bath at a jet flow rate of 5.1 SCMH and jet diameter of 1.2 cm.

the slag/steel system, it is illustrative to examine the dif-
ferences brought about in the interface behavior when the
ratio is increased from a value of 1.9 (kerosene/water) to
55 (corn oil/water). The viscosity ratio of corn oil to water
is 460, for kerosene to water 1.5, and for slag to steel 33.
In this case, the slag/steel case is between the bounds of
the two model systems. The momentum diffusivity ratio
may be useful in determining the rate of change that is
brought about on the flow field, while the viscosity ratio is
indicative of interface shape.

For the present experiments, the thickness of the kero-
sene or corn oil layer was kept constant at 0.8 cm. The
diameter of the nozzle used was 1.2 cm. The flow rate was
varied from 1.8 to 9.2 SCMH. The height of the nozzle was
set at 3.0, 5.0, and 7.0 cm.

III. EXPERIMENTAL RESULTS

A. Single-Layer Liquid Bath

An initial set of experiments was conducted with a sin-
gle-layer liquid bath using three different jet diameters at a
variety of jet heights. Typical results obtained are given in
Figure 3 for the interface shape as a function of radial dis-
tance for different air flow rates for a 1.2-cm diameter jet
located 5 cm above the initial interface position. The max-
imum depth of the interface (at the stagnation region) in-
creases from 0.22 cm to nearly 1.60 cm as the gas flow
rate q increases from 2.6 to 6.4 SCMH. The centerline de-
pression is seen to be nonlinearly related to the impinging
air flow rate. For a twofold increase in flow rate, the cen-
terline depression increased by nearly threefold. The width
of the depression also increased nonlinearly with the air
flow rate. The repeatability of the experiments was found
to be satisfactory. The maximum deviation of each mea-
surement point is also shown in Figure 3 by using two small
circles bounding the average point in the curve. The max-
imum value of the deviation error of the measurement in-
creased from 0.04 to 0.5 mm as the flow rate increased from
2.6 to 6.4 SCMH. Similar deviations were also observed at
other jet heights and diameters (0.58 and 2.3 cm, respec-
tively).

In Figure 4, the effect of the jet height on the interface
shape is given for the 1.2-cm-diameter jet at a flow rate of
5.1 SCMH. At lower jet heights, the penetration is deeper,
as expected, since the centerline velocity of the jet is higher;
but the diameter of the crater formed is smallest since the
diameter of the jet column is smaller. At higher jet heights,
the centerline velocity of the jet at the impingement region
will decrease and the diameter of the jet column will in-
crease, so the penetration is shallower but with a larger
diameter. Thus, the three curves in Figure 4 intersect one
another. For a larger diameter jet at the same flow rate, the
interface depression was lower as well.

Figure 5 shows the interface shape photographs for the
single-layer (air/water) bath for three jet flow rates. The
distance between the jet exit and the undisturbed liquid sur-
face was maintained at 2.5 cm. Figure 5(a) shows the flat
interface for the no jet flow case. The dark portion in the
figures (under the jet nozzle) shows the penetration cavity
formed in the water surface due to the air jet. As the jet
flow rate increases from 2.7 to 3.2 SCMH, the penetration
depth of the cavity increases significantly.

B. Two-Layer Liquid Bath

Experiments similar to those performed for the air/water
system were repeated with a second layer of liquid on top
of the water. Figure 6 summarizes the major results of the
interface shape for different air flow rates (in the range of
2.6 to 5.7 SCMH) for the case of kerosene used as the
second layer. The distance between the jet exit and the un-
disturbed kerosene layer was 3.0 cm. As the impinging gas
flow rate is increased, the kerosene layer goes through in-
creasing levels of deformation until it is reduced to zero
thickness at the impingement location. For an air flow rate
less than 3.1 SCMH, the kerosene/water interface remained
flat, indicating that the shear exerted by kerosene on the
water phase was not significant. The kerosene layer pene-
tration and the entertainment behavior are initiated at 3.1



914—VOLUME 27B, DECEMBER 1996 METALLURGICAL AND MATERIALS TRANSACTIONS B

(a) q 5 0.0 SCMH (b) q 5 2.7 SCMH (c) q 5 3.2 SCMH

Fig. 5—(a) through (c) Photographs of air jet penetration into water bath.

Fig. 6—Effect of increasing air jet flow rate on the gas/liquid and liquid/liquid interfaces for the multilayer (kerosene/water) bath. (The broken line
represents the boundary of the emulsion region.)

SCMH. Under these conditions, the crater created by the
jet was not stationary due to high levels of turbulence. The
interface shapes plotted in the figures are averaged values
measured over a period of 100 seconds, which was signif-

icantly longer than the timescale of oscillations. Beyond
this flow rate, the air jet penetrates the water bath also caus-
ing entrainment of water droplets and air bubbles in the
kerosene layer. The region within which entrainment was
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Fig. 7—Effect of increasing air jet flow rate on the gas/liquid and
liquid/liquid interfaces for the two-layer (corn oil/water) bath.

observed is noted by the dashed lines in Figure 6. The air
bubbles formed in the water phase exhibited two types of
behavior. The large bubbles, greater than 3 mm (approxi-
mately), rose from the water phase and broke through the
water/kerosene interface and exited through the kero-
sene/air interface. Very small air bubbles, with diameters
less than 1 mm (approximately), seemed to accumulate in
the water/kerosene interface, presumably, immobilized due
to surface tension forces being greater than buoyant forces.
At the highest flow rate, 5.7 SCMH (Figure 6), the width
of the exposed water area became larger and the depth of
air penetration became deeper. Under these conditions, the
bubbly region increased significantly, as noted in the figure.

Similar experiments were then carried out using corn oil
instead of kerosene to investigate the influence of viscosity
of the second layer on the nature of interface shape. Typical
results obtained are summarized in Figure 7. One signifi-
cant difference due to the high viscosity of corn oil is ev-
ident by the shape of corn oil/water interface shape. Even
at a low air flow rate of 1.8 SCMH, the corn oil/water
interface is lifted up in the jet region, indicating that the
shear imparted to the corn oil by the air jet is transmitted
to the corn oil/water interface because of corn oil’s high
viscosity. As the air flow rate is increased to 2.0 SCMH,
the oil layer thickness is reduced to near zero value at the
jet axis region. This flow rate is significantly smaller than
the flow rate of 3.2 SCMH, at which the kerosene layer
was reduced to a near zero value at the jet axis. The de-
pression of the corn oil layer surface was 2.84 mm, while
the rise in the height of the water surface was 5.1 mm.
Unlike the kerosene case, further increase in air flow rate
did not cause entrainment of water droplets or air bubbles.
Such entrainment was observed only when the flow rate
reached a value of 3.0 SCMH, as shown in Figure 7. At
this flow rate, the jet penetration depth was 4.9 mm and a
few air bubbles were formed which entered the corn oil
layer in the region where the three phases meet. When the
air flow rate was further increased to 3.9 SCMH, the depth
of penetration increased to 7.64 mm. The amount of en-
trained bubbles increased as well, but the quantity and size
of the bubbles were less than those formed in the kerosene
layer case. As shown in the figure, the surface of the water
layer rose to nearly the same height as in the oil layer.

Figures 8 and 9 show the interface shape photographs

(gas/liquid and liquid/liquid) in the bath due to gas jet im-
pingement for the corn kerosene/water and oil/water baths,
respectively. For both cases, the distance between the noz-
zle exit and the undisturbed liquid surface was kept at 2.0
cm. For the flow visualization studies, the jet flow rate was
varied from 0.0 to 3.1 SCMH for the kerosene/water case
and from 0.0 SCMH (no jet flow) to 2.9 SCMH for the
corn oil/water case. For the kerosene/water layer case, the
second layer is pushed back with increasing jet velocity, as
shown in Figure 8. The kerosene/water layer remains es-
sentially undisturbed. Figure 9(a) shows the case for no jet
flow where both the air/corn oil and corn oil/water inter-
faces are flat. As the jet flow increases, the corn oil surfaces
are deformed near the impingement area. Due to the high
viscosity of the corn oil layer, the corn oil/water interface
begins to deform also and the interface is pulled up due to
the shear driven flow in the corn oil layer. The two inter-
faces eventually meet and the water layer becomes exposed
to the air jet. Similar observations were also reached by the
probe measurement studies, as reported in Figure 7.

IV. CORRELATIONS FOR PENETRATION
DEPTH PREDICTION

The experimental data collected (using the interface
tracking resistance probe) were compared with existing cor-
relations. Improvements to the existing correlations were
suggested such that both short and long jet height data can
be accommodated. Attempts were also made to correlate
the two-layer liquid bath data obtained in this study.

A. Single-Layer Liquid Bath

The Nomenclature used in this section follow the earlier
studies by Cheslak et al.[4] and Wakelin.[5] Consider a gas
jet of diameter dj located a distance h from the undisturbed
surface of the liquid bath, issuing at a velocity Vj (Figure
1). If the surface tension and shear on the cavity wall are
neglected, the gas penetration into the liquid is determined
by the dynamic pressure associated with the centerline ve-
locity of a free, turbulent, incompressible jet. In order to
determine the dynamic pressure, we need a relationship for
velocity of the jet at the gas-liquid interface. The centerline
velocity Vc at the surface level of the liquid can be obtained
from (assuming free jet behavior)

K dV 2 jC 5 [1]
V h 1 aj

where K2 is an experimentally determined constant and the
variable a is the penetration depth, as shown in Figure 1.
The value of the constant K2 has been reported to be 6.4
(Albertson et al.[11] and Farris[12]) and by some authors as
7.5 (Szekeley[13]) for axisymmetric jets. Application of en-
ergy balance principles to the case of a single-layer liquid
bath gives (Banks and Chandrasekhara[3] and Cheslak et
al.[4])

M p a a
25 ( ) (1 1 ) [2]

3 2g h 2K h hL 2

where gL is the density of the liquid and M is the jet mo-
mentum given by
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(a) q 5 2.6 SCMH (b) q 5 2.9 SCMH (c) q 5 3.1

Fig. 8—(a) through (c) Photographs of air jet penetration into water bath with a kerosene layer.

p
2 2M 5 r d V [3]g j j4

Interface depression data obtained in the single-layer liquid
bath experiment are plotted as a function of dimensionless
jet momentum in Figure 10. The diameter of the jet is 1.2
cm, while the jet height varied from 3 to 7 cm. In the same
plot, the relationship proposed by Cheslak et al.[4] and Wak-
elin[5] is also presented. The existing models appear to ov-
erpredict the magnitude of interface depression over the
range of jet momentum examined. In the original investi-
gation, Cheslak et al. obtained all of their data for com-
parison with theory from experiments conducted with a
single small diameter air jet of 1.4 mm in different liquid
systems: mercury, acetylene tetrabromide, glycerin, and
trichloro-ethane liquid baths. The range of h/dj values ex-
plored was large and over 10. Wakelin also used a small
diameter nozzle (estimated as 3 mm) in CO2/water,
CO2/mercury, air/water, and air/mercury systems. The
range of h/dj values explored was also large and over 10.
Similar results for a larger jet diameter (dj 5 2.3 cm) are
shown in Figure 11. The jet height varies from 3 to 9 cm
in this case. It appears that the cause of deviation for low
h/dj jets is in using the centerline velocity for determining
the kinetic energy of the gas jet. As large radial velocity
gradients exist in 1.2- and 2.3-cm-diameter jets (as studied
here) compared to the smaller diameter jets used by earlier
workers, the energy balance model of Cheslak et al. over-
predicts the depth of penetration.

B. Two-Layer Liquid Bath

The case with two liquid layers is considered next. Ap-
plication of the energy balance at the bottom of the de-
pression gives

1
2g a 1 max [g (a 2 a ), g (a 2 a )] 5 r V [4]L1 1 L2 1 L1 1 g c2

where r g is the density of the gas, g L1 is the specific weight

of the liquid in the top layer, gL2 is the specific weight of
the liquid in the bottom layer, and a1 is the thickness of the
top liquid layer (Figure 1). Applying energy balance, the
nondimensional momentum can now be expressed as

M p a a
25 ( ) (1 1 ) [5]

3 2g h 2K h hLmix 2

where

a a a1 1 1g 5 g 1 max [g (1 2 ), g (1 2 )]Lmix L1 L1 L2a a a

Equation [5] is an extension of the single liquid formulation
for the case of two liquids following Cheslak et al.[4]

The penetration depths measured in the two-layer liquid
system are compared as a function of jet momentum in
Figures 12 and 13 for the two cases of kerosene/water and
corn oil/water, respectively. In the same figures, predicted
penetration is also plotted using the model given in Eq. [5].
The two lines in the figures correspond to the two K2 values
reported in the literature, viz. 6.4 and 7.5. In both instances,
theory predicts the overall trend well. However, it overpre-
dicts the magnitude of penetration, specifically for short jet
heights. At different jet momentums, the penetration depth
behaves very much like a single liquid bath as the jet in-
teracts with the two-layer system. This behavior is in agree-
ment with previous findings for a single liquid bath system,
i.e., the depth of penetration is independent of liquid vis-
cosity (Cheslak et al.[4]).

V. AN IMPROVED CORRELATION FOR
PENETRATION DEPTH PREDICTION

According to the comparison of the experimental data
with the existing models previously discussed, a modifica-
tion is needed to correlate the penetration depth for a wider
range of jet flow parameters. Considering a free, turbulent,
incompressible jet, there are three regions that need to be
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(a) q 5 0.0 SCMH (b) q 5 1.8 SCMH (c) q 5 1.9 SCMH

(d) q 5 2.0 SCMH (e) q 5 2.9 SCMH

Fig. 9—(a) through (e) Photographs of air jet penetration into water bath with a corn oil layer.

addressed viz. (a) a short jet region (potential core region),
(b) a transition region, and (c) a long jet region. In order
to determine the dynamic pressure, we need a relationship
for velocity of the jet at the gas-liquid interface. The pen-
etration depth prediction of these three regions is discussed
in Sections A through C.

A. Short Jet Region

The short jet region is also defined as the potential core
region, where the centerline velocity does not decay. Based
on our experimental data, the following are found.

(1) The short jet region is in the range of (h 1 a)/dj ,
3.5.

(2) The 1/7 power law velocity distribution[14] at the exit
of the nozzle is proposed to estimate the centerline ve-
locity Vc as a function of average velocity Vj. Therefore,

the following equation can be obtained:

VC 5 1.22 [6]
Vj

Based on the Bernoulli equation, the stagnation pressure of
the jet at the interface is equal to the hydrostatic pres-
sure of liquid depression. The penetration depth a can
be obtained from

1
2g a 5 r V [7]L g c2

where M is the jet momentum given by

p
2 2M 5 r d V [8]j j4

Substituting Eqs. [7] and [8] into Eq. [6], the relation be-
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Fig. 10—Comparison of single-layer bath penetration depth (dj: 1.2 cm)
with model. Solid line: Cheslak et al.[4] (K2 5 7.5); broken line: Wakelin[5]

(K2 5 6.4).

Fig. 11—Comparison of single-layer bath penetration depth (dj: 2.3 cm)
with model. Solid line: Cheslak et al.[4] (K2 5 7.5); broken line: Wakelin[5]

(K2 5 6.4).

Fig. 12—Comparison of penetration depth (kerosene/water bath) with
model (Eq. [5]). Solid line: K2 5 7.5; broken line: K2 5 6.4. dj: 1.2 cm.

Fig. 13—Comparison of penetration depth (corn oil/water) with model
(Eq. [5]). Solid line: K2 5 7.5; broken line: K2 5 6.4. dj: 1.2 cm

tween penetration a and jet momentum M can be ex-
pressed as

M
5 1.04 [9]

2g adL j

B. The Transition Region

For the transition region, the jet height is in the range of
3.5 , (h 1 a)/dj , 10. The nondimensional momentum
was correlated against (h 1 a)/dj for best fit. The relation
between penetration a and jet momentum M can be ex-
pressed as (for best fit of our experimental data)

M (h1a) h1a
25 0.84 1 0.0072 1 0.024 ( ) [10]

2g ad d dL j j j

C. The Long Jet Region

For the long jet region, the jet height is considered to be
in the range of (h 1 a)/dj . 10. The centerline velocity Vc

at the surface level of the liquid is given by Eq. [1] (fol-
lowing Cheslak et al.[4]). The depth of the depression can
be equated to the momentum of the jet by energy balance
at the bottom of the depression in the liquid layer. Appli-
cation to the case of a single liquid bath gives Eq. [2], as
reported earlier.

In the general form, the penetration depth prediction
equation can then be written as

M
5 F [11]

2g adL j

where the function F may be expressed as
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Fig. 14—Comparison of penetration depth data with proposed correlation (Eq. [12]).

h1a
F 5 1.04 0 , , 3.5

dj

(h1a) h1a h1a
2F 5 0.84 1 0.0072 1 0.024 ( ) 3.5 , , 10

d d dj j j

p h1a h1a
2F 5 ( ) 10 ,

22K d d2 j j

and K2 is chosen as 7.5.
Considering the case of two-layer liquid baths, a similar

procedure (as used for the single-layer liquid) can be used.
For the two-layer liquid systems, we propose (following
Eq. [5])

M
5 F [12]

2g adLmix j

where the function F is as defined previously for the single-
layer system. The single-layer liquid formulation (Eq. [11])
can be considered as a particular form of Eq. [12] when
gL1 is equal to gL2.

All of the nondimensional penetration depth measure-
ments (h 1 a)/dj (for both single-layer and two-layer sys-
tems) are plotted against the nondimensional momentum in
Figure 14. The generalized correlation, Eq. [12], is also
plotted in the same figure. The modified Eq. [12] compares
well with the present experimental results. The experimen-
tal data under all different jet diameter, jet height, and jet
momentum values studied are plotted in Figure 14. The
data from Banks and Chandrasekhara[3] are also plotted for

comparison. The existing model, Eq. [2], is only applicable
for the range when (h 1 a)/dj , 10.

V. CONCLUSIONS

In this article, we have characterized the interface profiles
created by an impinging jet at various values of jet mo-
mentum and jet heights for single-layer and two-layer liquid
bath systems. The interface shapes were measured using a
resistivity probe. The interface shape and the flowfield were
also studied photographically. The influence of viscosity of
the top (slag) liquid layer on the interface shape was mea-
sured and contrasted experimentally with a low (kerosene)
and a high viscosity (corn oil) layer. High viscosity of the
top layer causes the liquid/liquid interface to bulge up due
to the jet impingement which may facilitate contact of the
gas jet with the bottom layer.

A phenomenological description of the interface behavior
is also given. A generalized phenomenological model was
established for predicting the penetration depth for all
ranges of the parameter (h 1 a)/dj. In the short jet height
region, the effect of jet velocity profile at the nozzle exit
has to be considered. Based on the experimental results, it
was found that the 1/7 power law[14] is a good approxima-
tion for describing the centerline jet velocity decay. For the
transition region, an empirical model was formulated from
the experimental data. The phenomenological model for the
long jet height region was adopted from past studies. The
experimental data show good agreement with the previ-
ously reported relationship.
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