
PARTICLE TECHNOLOGY AND FLUIDIZATION

Study of Downward Gas Jets
into a Liquid

Ahad Emami and Cedric Briens
Dept. of Chemical and Biochemical Engineering, The University of Western Ontario, London, Ontario, Canada N6A 5B9

DOI 10.1002/aic.11524
Published online July 11, 2008 in Wiley InterScience (www.interscience.wiley.com).

Gas jet penetration is an important factor in gas distributor design for two- and
three-phase reactors. The penetration length of downward nonreacting gas jets was
measured in liquid by optical method and for gas jet velocities at subsonic conditions.
The effects on jet penetration of nozzle diameter, gas density, gas jet velocity, liquid
viscosity, and liquid surface tension were examined. A generalized correlation to pre-
dict the penetration depth of downward gas jets was obtained. Also a simple model,
using a shell momentum balance and assuming downward gas jet as a downward cone
with constant angle, was introduced and validated with experimental data. Bubble size
calculated based on gas jet fluctuation frequency and validated by high-speed videos.
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Introduction

Knowledge of gas jet penetration is vital for the design
and operation of spargers used in slurry bubble columns.
Many bubble columns are equipped with sparger gas distrib-
utors with downward facing holes. If the sparger is too close
to the bottom of the column, there may be excessive erosion/
corrosion. If it is not close enough, stagnant zones will form,
which may lead to undesirable by-products, the formation of
hot spots and coking. These potential problems are even
more serious with slurry bubble columns. Emami and Briens
(2003)1 showed how the optimum height of a downward
sparger could be determined in slurry bubble columns. Most
of the gas jet penetration studies have been performed in
gas–solid systems, with some studies of gas jet penetration in
molten metals related to the steel making process. The gas
jet penetration length in gas–solid fluidized beds has received
a great deal of attention in the literature (for example, Merry,
19712, 19753; Musmarra, 2000;4 Okhotskii, 2001;5 Vaccaro,
1997;6 Vaccaro et al., 1997;7 Zenz, 1968)8. Design of gas
grids and spargers must be improved to reduce erosion of re-

actor internals catalyst attrition and forming the defluidized
zones in chemical reactors including two-phase and three-
phase reactors. In gas–liquid systems there have been few
studies. Kerney et al. (1972)9 studied the penetration length
of a horizontal submerged steam jet in choked conditions in
a subcooled liquid water bath by photography technique. Flat
head and conical nozzles were used. Their inner tip diameter
was in the range of 1.58–9.50 mm. Kerney et al. (1972)9

assumed that the condensation process takes place at the
gas–liquid interface and that it is limited by the rate of heat
transfer from the gas–liquid interface to the bulk of the liq-
uid. They provided the following equation:

2Ljet
d

¼ 1

1:932

hfg
Cp Ts � T1ð Þ

Gtip

Gm

� �0:5

; (1)

where LJet is the gas jet penetration length, d is nozzle diam-
eter, hfg is heat of vaporization of liquid, Cp is liquid specific
heat, Gtip is gas mass flux at nozzle tip, Gm is average mass
flux at gas liquid interface, Ts and T1 are steam and liquid
bath temperature, respectively. Carreau et al. (1986)10 photo-
graphed a horizontal sonic gas jet submerged in water. The
nozzle diameter was 0.3–1 mm and the upstream pressure
was 1–10 MPa. They used nitrogen gas in water at 288 K.
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The mean jet angle, as measured by photography technique,
was 258 and independent of applied pressure (0.5–10 MPa).
They used a specific type of modified Froude number to cor-
relate the jet penetration length.

Fr� ¼ qtipu
2
tip þ Ptip � Patm

� �
g ql � qg
� �

d
(2)

Ljet
d

¼ 1:34 Fr�ð Þ0:39; Fr� < 105 (3)

where Ptip and Patm are pressures at the nozzle exit and in
the surrounding fluid, respectively, and qtip is the gas density
at the nozzle exit. ql and qg are liquid- and gas-phase den-
sities. utip is the gas velocity at nozzle tip.

Hoefele and Brimacombe (1979)11 gave the following
equation for horizontal gas jets for the air/water system.

Ljet
d

¼ 10:7Fr0:46
qg
ql

� �0:35

(4)

where Fr ¼ qgu
2
tip

qlgd
is the modified Froude number.

Davidson (1990)12 used the free jet velocity profile and
assumed a sharp gas/liquid interface for downward normal
and swirling jets. The following relationship between the
penetration length of a nonswirling gas jet and the modified
Froude number can be extracted from his results:

Ljet
d

¼ 1:5
u2tip
gd

qg
ql � qg

 !0:5

(5)

Kozlowski and Wraith (1986)13 studied the cavity of a
downward gas jet injected in liquid phase very close to the
wall of a liquid tank. They recorded the gas envelope by
high-speed cinematography at framing rate of 150–500 s21.
Nozzle diameters were 4.62, 5.62, and 9.62 mm for two
dimensional experiments and 5.37 mm for a three dimen-
sional one. The following expression was derived based on
Schlichting velocity equation:

Lj;max

d
¼ 2:78

u2tip
gd

qg
ql

 !1=3

(6)

As one can see from the literature, there were only two
publications on vertical jets in liquids. Only one publication
reported on the effect of gas density on jet penetration and
none reported on the effect of liquid properties, for example,
surface tension and viscosity. Moreover, although gas jets
fluctuate, their fluctuation behavior was not studied. Finally,
using cinematography for measurements makes it difficult to
accurately measure the fluctuating behavior of the jets and to
get a good statistical average of the jet penetration depth.

This article, therefore, presents the results of a study of
the penetration of downward gas jets in liquids, which used
both cinematography and a more convenient and accurate
measurement method. The effects of gas and liquid proper-
ties are reported.

Experimental Setup and Procedure

A schematic diagram of experimental setup is shown in
Figure 1. All experiments were performed at room tempera-
ture (20–228C) and in a rectangular glass tank with dimen-
sion of 0.6 m length, 0.3 m width, and 0.4 m height which
was filled up to 75% of its height with different liquids such
as distilled water, ethanol (95%), or sucrose solutions, to
vary the liquid viscosity and surface tension. Helium, argon,
and oil-free air were used as gas phase. Gas mass flow rate
for helium was unto 0.15 g/s and for air and argon were 1.1
and 1.3 g/s, respectively. The gas was introduced into the liq-
uid through a submerged downward stainless steel tube. Four
nozzle diameters were used. The inner diameters of the noz-
zles were 1.07, 2.03, 2.85, and 4 mm. The length of stainless
steel tube was 0.7 m.

A battery of four, calibrated sonic nozzles, supplied by a
pressure regulator, was used to control and monitor the gas
mass flow rate. Gas velocity was low enough that the flow
can be assumed as an incompressible flow (Ma \ 0.3) for
the most of experimental conditions (Table 1). Nozzle’s
upstream pressure was in the range of up to 2 bars.

Figure 1. Schematic diagram of the experimental
setup.

1: Oil free compressed air supply, 2: Low pressure regula-
tor, 3: Sonic nozzles, 4: Single jet nozzle, 5: Rectangular
tank, 6: Laser source, 7: Photodiode cell, 8: National
Instrument data acquisition card, 9: Personal computer.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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The height of liquid phase in the tank was kept constant at
0.30 m. The nozzle length was about 0.40 m and its immer-
sion depth was 0.10 m, so that the distance from the nozzle tip
to the bottom of the tank was 0.2 m. The nozzle distance from
the tank walls was about 0.15 m to avoid any wall effects.

Preliminary measurements were taken with a fast video
camera. It sampled at a frequency of 1000 Hz and with a re-
solution of 240 3 210 pixels.

A photodiode cell and a horizontal laser beam were used
to measure jet penetration length, as shown in Figure 1.
When the laser beam passes through the liquid to a photo-
diode cell, a voltage which depends on the intensity of the
emergent beam is developed. The laser beam is greatly atte-
nuated when it intersects with a gas–liquid interface and the
voltage drops. For each gas flow rate, data were collected at
different vertical distances from the nozzle tip in 2 mm
increments. The photodiode cell was directly connected to a
computer data acquisition system and data was acquired at
1000 Hz for 20 s.

Figure 2a shows 5 s of a typical raw photodiode signal for
the case of air/sucrose-solution system with a viscosity of
10.5 mPa s at two different vertical distances (6 and 50 mm)
below the nozzle tip. When the laser beam is near the nozzle
tip (6 mm), it goes through two gas–liquid interfaces most of
the time, and the average value of the signal is very small
(about 1% of its maximum value). Further away from the
nozzle tip (50 mm), the laser beam does not encounter gas
jet or bubbles and the signal is very strong and stable. These
two extreme conditions were used to calculate the fraction of
time that gas jet was present in the path of the laser beam.
This fraction of time translates to probability of gas jet pres-
ence at that particular condition. Table 1 summarizes experi-
mental conditions.

Figures 2b, c show two intermediate cases for which,
because the jet fluctuates, the beam may or may not cross
gas–liquid interfaces. Figure 2b shows the signal at 30 mm
from the nozzle tip, for which the presence of gas is more
likely than for Figure 2c, for which the beam was 40 mm
from the nozzle tip. Both Figures 2b, c show that, at these
distances, the gas jet was not always present. This was con-
firmed by the fast video measurements.

From the average value of the signal obtained at a given
distance, one can calculate the fraction of the time that the
beam intersected with the gas jet, which corresponds to the
probability that the jet is present at this location. It was
found that 20 s of signal were sufficient for an accurate
determination of the jet probability. Figure 3 shows that the
jet probability decreases as the distance from the nozzle tip
is increased. Three regions can be recognized, a region where
the jet was practically always present, a region where the jet

was never observed, and an intermediate region where the jet
was sometime present.

The average jet penetration length (L50%) was taken to cor-
respond to a 50% probability of jet presence and a four pa-
rameter sigmoid curve, fitted to the experimental data, was
used for interpolation (see Figure 3). The span of the jet
fluctuation range was taken as the differences between the

Table 1. Summery of Experimental Conditions

Gas Air
Argon
Helium

Liquid Distilled water
Sucrose solution (viscosity 55.38 mPa a)
Sucrose solution (viscosity 510.5 mPa a)
Ethanol (95%)

Nozzle diameter (mm) 1.07, 2.03, 2.85, and 4
Temperature (8C) 21–22

Figure 2. First 5 s of raw signals for air/sucrose solu-
tion system with liquid phase viscosity of 10.5
mPa s, d 5 2.85 mm, and Fg 5 0.3866 g/s.

(a) At 6 mm and 50 mm below nozzle tip. (b) At 30 mm
below nozzle tip. (c) At 40 mm below nozzle tip.
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distances corresponding to 10 and 90% jet presence probabil-
ities (L10% 2 L90%).

Flow Structure

Calculation of gas velocity at nozzle tip showed that sub-
sonic flow occurs inside the tube (Ma \ 0.3). When gas
injected to the liquid through a downward nozzle the whole
process can be described as follow: the gas flow produces a
bubble and bubble keeps growing until the buoyancy force
gets strong enough to overcome inertial forces. At this point,
bubble starts moving upward. Then bubble detaches from
nozzle tip moving upward while covering nozzle tube. At
low gas flow rates, a bubbling regime is dominant by
increasing gas flow rate a fluctuation gas jet grows and bub-
ble size increases. Figure 4 shows image of the flow at dif-
ferent gas flow rates.

Modeling

Flow structure of gas emerging from a downward sub-
merged nozzle mainly depends on gas flow rate. By increas-
ing gas flow rate, a transition between bubbling and jetting
occurs. Bubble formation and rising were studied in details
in the literature (Tsuge, 1986).14 In the transition region and
jetting regime, oscillations behavior was observed. The high-
speed videos taken at different gas flow rate suggested that
the cavity can be assumed as a downward cone.

Shell momentum balance

This model, which is based on a momentum balance,
assumes a conical shape for the downward gas jet. Momen-
tum input comes from the gas entering the control volume at
the nozzle tip. Momentum output is negligible because of the
low velocity of bubble leaving the control volume. The force
acting on the control volume is the buoyancy force. The fric-
tional force of the liquid on the control volume is negligible
as the jet is assumed to be stationary (Figure 5).

The shell momentum balance for the cone is:X
Fz ¼ Momentumoutput�Momentum input (7)

The velocity of the gas bubbles where they leave the jet
(i.e., the shell) is negligible and the exit momentum can,
therefore, also be neglected.

Momentumoutput � 0 (8)

The buoyancy force is:

X
Fz ¼ qlVjetg � p

3
qlgL

3
jet tan

2 a (9)

where Vjet is the gas jet volume and a is gas jet cone half-
angle in equation. The input momentum can be calculated
using the gas jet properties at the nozzle tip:

Momentum input ¼ pd2

4
qtipu

2
tip (10)

Substituting Eqs. 8, 9, and 10 into Eq. 7 gives:

pd2

4
qtipu

2
tip ¼

p
3
qlgL

3
jet tan

2 a (11)

Rearranging the above equation gives:

Ljet
d

¼ 0:75

qlgd tan2 a

� �1
3

qtipu
2
tip

� �1
3

(12)

The first term shows the effects of liquid density and noz-
zle diameter and the second term shows the effect of the mo-
mentum flux at the nozzle tip, which is a function of gas
flow rate, gas density and nozzle diameter.

The same equation can also be written with a modified
Froude number:

Ljet
d

¼ 0:9086 cot að Þ23 Frð Þ13 (13)

where:

Fr ¼ qtip
ql

u2tip
gd

¼ 1

qtip

qtiputip
� �2

qlgd
(14)

The liquid density, the distance, and the mass velocity of
the gas are usually known. This equation, however, also
requires the knowledge of the gas density at the nozzle tip,
which must usually be predicted (see Appendix A).

The nozzle behaves as an orifice and a higher flow rate
requires a higher pressure drop at the nozzle tip (Ptip 2
Patm). Since Patm is constant, Ptip has to increase to provide
enough driving force for higher gas flow rates. Experiments
were performed to measure Ptip for different gases. As
explained in the appendix, two small tubes with same diame-
ter of nozzle and different lengths were used to estimate the
gas pressure at the nozzle tip. Upstream pressures (Pa1, Pa2)
were recorded at the same gas flow rate for each case. Then,
the ideal gas law was used to calculate the gas density at the
nozzle tip. Results are shown in Figure 6 for a nozzle dia-

Figure 3. A sample graph of probability of gas jet
presence vs. distance from nozzle tip for
Air/sucrose solution with liquid viscosity of
10.5 mPa s and nozzle diameter of 2.85 mm,
Fg 5 0.265 g/s.

2272 DOI 10.1002/aic Published on behalf of the AIChE September 2008 Vol. 54, No. 9 AIChE Journal



meter of 2.85 mm at room temperature (208C) for three dif-
ferent gases. The gas density at nozzle tip increases slightly
as the gas flow rate increases.

One can then calculate gas jet penetration by using Eq. 13
if the cone half angle (a) is known. Analyzing videos taken
by the high-speed camera shows that at higher gas flow rates
the jet half-angle is between 8 and 138. An average value of
108 will be used in this model. Considering this value for a
Eq. 13 can be simplified:

Ljet
d

¼ 1:424 Frð Þ13 (15)

Results and Discussion

Effect of gas velocity and nozzle diameter

The dimensionless jet penetration length obtained by dividing
the average jet penetration length (L50%) by the nozzle diameter
was used to study the effect of design and physical properties of

Figure 4. Downward gas jet for Air/water system and nozzle diameter of 2.85 mm at 208C and gas flow rate of (a)
0.085 g/s, (b) 0.335 g/s, and (c) 0.791 g/s, numbers shows time in ms.
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both phases. Generally increasing gas flow rate provides more
kinetic energy to the jet and increases the jet penetration length.
L50%/d was found to be nearly independent of the nozzle diame-
ter, for a given gas velocity at the tip. It means more gas flow
rate needed for larger diameters to have the same dimensionless
penetration length. Gas velocity at nozzle tip was calculated by
using gas density at nozzle tip which is calculated in Appendix
A. One explanation would be that also it was found that L50%/d
vs. gas mass flow rate can be expressed as a power law function
for each nozzle diameter with higher power for smaller nozzle
diameters. Figure 7 shows that, for the air–water system, the

dimensionless jet penetration (L50%/d) can be correlated with a
power law function of the jet momentum flux at the nozzle tip.

Effect of gas properties

Three gases were studied: helium, argon, and air. Because
of lower molecular weight of helium, large volumetric flow
rates and high jet velocities can be obtained even at small
mass flow rates. It was found that a gas with lower molecular
weight (helium in this case) has higher penetration length
than gas with higher molecular weight at same gas mass
flow rate and same nozzle diameter. Figure 8 summarizes all
experimental data for the three gases in a unified and com-
pact form in terms of the gas momentum flux (qtipu2tip). Since
all data can be fitted with a power law expression of the gas
momentum flux, the main effect of the gas molecular weight
is to change the momentum flux by changing the expansion
pressure drop and, hence, the density at the nozzle tip.

Figure 5. A model for downward gas jet in liquid.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 6. Gas density at nozzle (0.70 m length and 2.85
mm ID) tip for a downward gas jet of air,
argon and helium at 208C.

Figure 8. Effect of gas density on gas jet penetration
length for clear water and different gases
and nozzle diameter of 2.85 mm at 208C vs.
gas momentum flux.

Figure 7. Downward gas jet penetration length data for
air/water system at 208C and different nozzle
diameters vs. gasmomentum flux at nozzle tip.
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Effect of liquid viscosity

Sucrose solutions were prepared at different concentrations
and their viscosities were measured at 208C, that is, at the
same temperature as the experiments. Liquids with a viscos-
ity ranging from 1 to 10.5 mPa s were studied. Figure 9
shows that the liquid viscosity has nearly no effect on jet
penetration length in this range.

Effect of liquid surface tension

Figure 10 shows that the liquid phase surface tension has
no detectable effect at low gas flow rates. At higher gas flow
rates, when gas momentum flux is greater than 5000 Pa, the
gas jet penetrates slightly less in a liquid with a larger sur-
face tension. Increasing the surface tension means that more
energy is required to create a certain amount of new surface
area and less energy is available for penetration.

General correlation of gas jet penetration
in liquid phase

Figure 11 shows that all experimental data, including vari-
ous gas/liquid systems and nozzle diameters, can be pre-

dicted with a rather good accuracy with a power law expres-
sion of the dimensionless group of

qtipu
2
tip

qlgd
at the nozzle tip.

This correlation was compared with other correlation later.
The power is close to theoretical value of 0.3333.

Figure 9. Effect of liquid phase viscosity on gas jet
penetration length for air/sucrose solutions
with different viscosities and nozzle diameter
of 2.85 mm at 208C vs. gas momentum flux.

Figure 10. Effect of liquid phase surface tension on
gas jet penetration length for air/water and
air/ethanol systems and nozzle diameter of
2.85 mm at 208C vs. gas momentum flux.

Figure 11. Downward gas jet penetration length for
various gas/liquid systems and different
nozzle diameters at 208C (all experimental
data in one graph).

Figure 12. Comparison of shell momentum balance
model (Eq. 15) with experimental gas jet
penetration data of various gas/liquid sys-
tems and different nozzle diameters at 208C.
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L50%
d

¼ 2:3155
qtipu

2
tip

qlgd

 !0:3580

(16)

Shell momentum balance model

Figure 12 shows how the predictions from the new simple
model, presented in section 3, fit to the experimental data. At
higher penetration lengths, which correspond to higher gas
flow rates, there is good agreement between experimental
data and predicted values. At low penetration lengths, how-
ever, the predicted value is much higher than the measured
penetration length. The reason for this is at lower gas flow
rates, there is no gas jet and bubbling occurs directly at the
nozzle tip.

Comparison with other correlations

Comparison has been made between our experimental data
and the correlations available from the literatures that were
reviewed in the introduction section. Some correlations are
for horizontal jets and some are for high pressure conditions.

Figures 13 shows how the predictions of these correlations
compared with the measured jet penetrations of this study.
The correlation from Hoefele and Brimacombe (1979)11,
which was developed for horizontal gas jets, failed and espe-
cially with helium gas data (see Figure 13). The correlation
from Davidson (1990)12 shows a fair agreement at higher
penetration lengths. The corrected correlation from Kozlow-
ski and Wraith (1986)13 by using gas density at nozzle tip
condition gives better results at higher penetration lengths.
Table 2 shows summation of error squares for all correlations
including corrected Kozlowski and Wraith (1986)13 by using
gas density at nozzle tip condition and shell momentum bal-
ance model.

Jet fluctuation frequency

The gas jet fluctuation frequency was measured by filtering
out frequencies above 45 Hz to eliminate electrical noise and
using cycle analysis (Briens, 2002)15. Cycle analysis uses V-
statistics which is based on Hurst analysis. It is used to
detect regular cycle’s time of the raw signals. Gas jet fluctua-
tion frequency was calculated using this cycle time. This is

Figure 13. Comparison of experimental data with three available correlations:

(a) Hoefele and Brimacombe (1979)11, (b) Davidson (1990)12 (C 5 1), (c) Kozlowski and Wraith (1986)13.
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validated later by comparison of the optical technique data.
Figure 14 shows that the jet fluctuation frequency reaches a
maximum value at a certain distance from the nozzle tip for
each specific experimental condition. This distance was
found to correspond to the average penetration length, L50%.
These two techniques are compared in the next section. This
is also the distance at which the average amplitude of the
signal fluctuations, as quantified by the standard deviation of
the signal, is greatest. Figure 14 shows that, in this case, the
maximum frequency was about 8.5 Hz.

Figure 15a shows how the maximum fluctuation frequency
varied with experimental conditions for the air/water system
and different nozzle diameters. The maximum fluctuation fre-
quency generally decreased with increasing gas flow rates.
Decreasing the gas jet fluctuation frequency is in agreement
with theoretical equation of Kozlowski and Wraith (1986).

f ¼ g3=5

1:45Q
1=5
g

(17)

where f is the fluctuation frequency (Hz) and Qg is the volu-
metric gas flow rate (m3/s). This trend is very clear for the
nozzle diameter of 4 mm which creates a larger gas jet.
Increasing the gas flow rate will increase gas jet penetration
length and gas jet volume. So at higher flow rates, a larger
amount of liquid has to be displaced for each pulse. Since
liquid inertia is proportional to mass of liquid, it is harder to
displace a large amount of liquid than a small amount.
Figure 15b shows that the maximum fluctuation frequency is

affected by the liquid viscosity. Frame by frame analysis of
high-speed videos showed that the gas jet penetration length
fluctuated widely with a frequency ranging from 8 to 14 Hz.

Using jet fluctuation frequency to determine average
penetration length

The average gas jet penetration can also be taken as the
distance from the nozzle tip where the fluctuation frequency
reaches to a maximum value (Figure 14). Figure 16 shows
that there was a very good agreement between the jet pene-
tration obtained from the frequency and the penetration, used
earlier, which was obtained from the distance at which the

Figure 14. Fluctuation frequency of downward gas jet
for air/water system and nozzle diameter of
4 mm and gas flow rate of 49.8 g/min at
208C.

Table 2. Comparison of Correlations and Shell Momentum Balance Model

Correlation or Model
Hoefele and

Biomacombe (1979)11
Davidson
(1990)12

Shell Momentum
Balance model

Kozlowski and
Wraith (1986)*13

Corrected Kozlowski
and Wraith (1986)†13

This
Work

Summation of error squares 1667.7 8469.5 525 511.1 293.7 175

*Gas density was calculated at room temperature and pressure.
†Gas density was calculated at room temperature and nozzle tip pressure.

Figure 15. Gas jet fluctuation frequency at 208C.

(a) Effect of nozzle diameter and gas flow rater for air/
water system. (b) Effect of liquid viscosity and gas flow
rate for nozzle diameter of 2.03 mm.
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jet presence probability was 50%. Analysis of high-speed
videos, for a few test cases, confirmed these results.

Average bubble size

The average bubble size was calculated from the maxi-
mum jet fluctuation frequency and the gas volumetric flow
rate at the nozzle tip conditions.

VB ¼ Qg

f
(18)

Figure 17 shows how the diameter of the bubbles formed
from the jet varied with the gas flow rate. It shows that the
nozzle diameter, gas, and liquid properties had no significant
effect on this bubble size. Davidson and Harrison (1963)16

proposed a well-known correlation for the initial bubble vol-
ume for upward nozzles, using an analysis of the forces dur-
ing bubble formation and detachment from the nozzle tip.
Our results show that, for downward nozzles, the bubble di-
ameter is 35–47% higher than predicted by for upward noz-
zles (Figure 17). Please note that the gas volumetric flow
rate is expressed at the downstream or liquid tank pressure
as specified by Davidson and Harrison. One possible expla-
nation is that bubbles from downward jets have more time to
grow before detachment due to the downward momentum of
the gas flowing from the nozzle tip. The correlation for the
initial diameter of bubbles formed with downward nozzles is:

dB ¼ 0:5238Q0:3753
g ; R2 ¼ 0:9759 (19)

Jet fluctuation behavior

Figure 6b shows the fluctuation behavior of the gas jet for
the Air/water system and gas flow rate of 0.335 g/s. A rough
estimate of jet fluctuation frequency can be made using high-
speed videos. If birth of bubbles is considered as a cycle,
one can see that it takes about 120 ms to grow and move up
from the tip of the nozzle where a new bubble is going to be
born (first bubble born at 10 ms and second bubble 130 ms).
Frequency corresponds to this time interval is 8.3 Hz. The
signal analysis technique gives 9 Hz for this condition. So
there is an agreement between optical technique and signal
analysis.

Conclusion

The penetration of downward gas jets in liquid phase was
studied using optical technique at subsonic conditions. Liquid
viscosity has almost no effect at this range (up to 10.5 mPa s).
Also results showed that gas jet penetration increases slightly
with decreasing liquid phase surface tension at higher flow
rates (for a gas momentum flux at nozzle tip[ 5000 Pa).

Effects of nozzle diameter, gas mass flow rate, liquid and
gas properties can be expressed using a power law equation
in terms of gas momentum flux at nozzle tip. A simple shell
momentum balance gives good predictions of the jet penetra-
tion in the jetting range, which is in agreement with the pre-
vious correlation provided by Kozlowski and Wraith
(1986)13 when the gas density at nozzle conditions is used.

The fluctuation frequency of the gas jet varied between 8
and 14 Hz depending on the gas flow rate. The fluctuation
frequency decreases with increasing gas flow rate. The gas
bubble size can be estimated from the fluctuation frequency
and the bubble volume for a downward gas jet is almost 2–3

Figure 16. Comparison of two experimental techniques
of various gas/liquid systems and different
nozzle diameters at 208C.

Figure 17. Bubble diameter for different gas/liquid sys-
tems and different nozzle diameters at 208C
based on jet fluctuation frequency.
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times larger than the volume predicted with the correlation
from Davidson and Harrison for upward jets.

Notation

A5 area, m2

Cp5 liquid specific heat, J/kg K
d5nozzle inner diameter, m
f5gas fluctuation frequency, Hz

Fg5gas mass flow rate, g/s
Fz5vertical acting force on gas jet, N

Fr*5modified Froude number, dimensionless (Eq. 2)
Fr5modified Froude number, dimensionless (Eq. 4)
g5 acceleration caused by gravity, 9.81 m/s2

Gm5 average gas mass flux at gas liquid interface, kg/m2 s
hfg5heat of vaporization of liquid, J/kg
L5 average gas jet penetration length, m

Ma5Mach number
MW5gas molecular weight, g/mole
P5gas pressure, Pa

Pa1, Pa25upstream gas pressure, Pa
Qg5gas volume flow rate at nozzle tip, cm3/s
R5universal (ideal) gas constant, 8.314472 J/ (K mol)
T5 temperature, K

T15 liquid bath temperature, K
Ts5 steam temperature, K
u5gas velocity, m/s
V5volume of control volume, cm3

VB5bubble volume, cm3

z5distance from nozzle tip, downward direction, m
Z1, Z25 length of tube, m

Greek letters

a5gas jet cone half-angle in Eq. 8, radians
b5 constant in Eq. 16
c5power in Eq. 16
k5pressure drop due to friction per unit length, Pa/m
q5density, kg/m3

Subscripts

l5 liquid
g5gas

tip5properties evaluated at conditions of the tip of the nozzle
atm5properties evaluated at atmospheric pressure
jet5 jet properties

j,max5maximum jet penetration length in Eq. 6
50%5 average jet penetration length calculated based on 50% of

probability of gas presence
90%5 minimum jet penetration length calculated based on 90% of

probability of gas presence
10%5 maximum jet penetration length calculated based on 10% of

probability of gas presence
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Appendix A: Estimation of the Gas Density
at the Nozzle Tip

The gas density at nozzle tip can be estimated from the
pressure at the tip, using the ideal gas law. The pressure at
nozzle tip is calculated from the predicted pressure drop
through the nozzle.

Experimental measurement showed that gas flow in the
nozzle can be considered as subsonic and incompressible
flow with reasonable approximation (Ma\ 0.3). So, gas den-
sity at the nozzle tip is equal to gas density at upstream con-
dition approximately qtip � qa1). Substation this in the mass
balance equation we get: utip � ua1 (please note that cross
sectional area is constant). So it means that pressure drop per
unit length is approximately same in the entire length of the
tube (dPdL � constant). This allows us to estimate pressure
drop through the tube length by measuring pressure drop in a
small length of the same tube at the same flow conditions.
Finally, by knowing pressure drop and upstream pressure one
can calculate gas pressure at the nozzle tip.

Experiments were, first, conducted to obtain the gas pres-
sure drop over a small length of the tubing used for the noz-
zles. Two different tube lengths were used and the upstream
pressures (Pa1, Pa2) were measured in open air for each gas
flow rate.

For the same flow rate, we have:

Pa1 � Ptip1

Z1
¼ Pa2 � Ptip2

Z2
¼ k

¼ pressure drop due to friction per unit length (A1)
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Ptip1 � Patm ¼ Ptip2 � Patm

¼ pressure lost due to expansion at nozzle tip (A2)

Ptip1 ¼ Ptip2; Pa1 � Ptip1 ¼ kZ1; Pa2 � Ptip2 ¼ kZ2 (A3)

k ¼ Pa1 � Pa2

Z1 � Z2
; (A4)

Ptip1 ¼ Pa1 � kZ1 ¼ Pa1 � Pa1 � Pa2

Z1 � Z2
Z1 (A5)

Measuring the upstream pressure at same flow rate for dif-
ferent tube lengths, therefore, allows the prediction of the
gas pressure at the nozzle tip. The ideal gas law can, then,
be applied:

qtip ¼
PtipMW

RT
(A6)

Figure 8 shows effect of gas flow rate on gas density at
nozzle tip.
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