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Abstract—The local phase volume fraction, bubble frequency, bubble velocity and phase resolved tem-
perature distributions were measured in vertical air-injected water and air-injected multiffuor™ inert fluid
baths under different injection conditions. An electroresistivity probe was employed for determination of
the local volume fraction, bubble arrival frequency and bubble velocity. The phase resolved temperatures
were measured using a microthermocouple. The phase resolved temperature measurements are reported
for the first time in these types of flow systems. The measurements showed that in the region close to the
injection point, the gradients of the flow variables exhibit steep changes in radial and axial directions.
Copyright © 1996 Elsevier Science Ltd.

INTRODUCTION

The injection of gas jets into liquid baths has been
practised commonly in metallurgical and chemical
processing operations. Submerged gas injection has
been used for the purpose of ferroalloy production,
metal extraction and refining processes. These appli-
cations of the gas injection systems have resulted in
the requirement for understanding flow structures and
temperature fields in these systems. Flow in gas
injected liquid baths is two-phase, highly turbulent
and highly nonuniform. The mathematical for-
mulation of such flows and interfacial heat transfer is
not yet well established. Experimental data is needed
to understand the structure of the flow and improve
its mathematical representation.

It has been recognized that bubble formation at
the nozzle exit, phase volume fraction, local bubble
frequency and bubble rise velocity distributions in the
gas—liquid plume region are important parameters in
determining the characteristics of the system. The
structure of the flow in the two-phase gas liquid region
is of interest because the contacting pattern between
the phases controls the interfacial area and hence, the
physical and chemical processes taking place between
the phases. The flow regime in the two phase region
governs the overall flow in the liquid and hence the
mixing intensity. After injection, the gas expands rap-
idly into a cone and a gas-liquid plume forms. The
structure of this two-phase plume has been char-
acterized in terms of gas concentration, bubble fre-
quency and bubble velocity. Experiments have been
carried out in air-water systems using electro-
resistivity probes [1-7].
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In gas injection systems, the gas temperature at
the nozzle exit is usually different from the liquid
temperature. Hence, after the gas is discharged into
the liquid, the phases exchange heat to reach thermal
equilibrium. Heat transfer between the phases near
the injection point plays important roles in the nozzle
operation. The rate of the thermal expansion of the
gas and the bubble/jet formation at the nozzle exit are
also affected by the heat transfer mechanism between
the phases. Accretion (solid finger-like outgrowths)
formation in molten metal baths at the nozzle exit
depends on the heat transfer mechanism between the
phases. The shape and size of the accretions depend
on the heat transfer between the injected gas and the
molten metal. Accretion formation has been the sub-
ject of studies involving measurements and math-
ematical models [8-11]. Detailed temperature
measurements have not been carried out to charac-
terize the heat transfer mechanism between the phases
in such systems.

A large number of measurement techniques for two
phase flows have been developed and used by design
engineers and investigators. Experimental methods
for investigation of average flow parameters and local
statistical characteristics of two-phase flows have been
developed. Jones and Delhaye [12], Delhaye [13] and
Hewitt {14] give a critical review of the measurement
techniques and difficulties encountered in two-phase
flow measurements. For volume fraction, bubble fre-
quency and bubble velocity measurements, electro-
resistivity probe, optical probes and hot wire/film
anemometer have been used by different researchers
[2-4, 7, 15-17, 19]. Glass rod [20], fibre bundle [21],
and U shaped fibre systems have also been used.
Measurements with hot-wire anemometers were
reported by Shiralkar and Lahey [22] and Delhaye
[23], among others.
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NOMENCLATURE
A surface area of the thermocouple bead T. temperature of the continuous phase
a filter coefficient T, temperature of the dispersed phase
C, specific heat of the thermocouple RY input to the digital filter
substance X binary variable representation of the
D diameter of the thermocouple bead phase signals
Sa bubble frequency v output from the digital filter
h heat transfer coeflicient ot axial distance from the injection point.
k thermal conductivity
m mass of the thermocouple bead .
. Greek symbols
N total number of bubbles detected in a o
T total sampling time for a data record
data record . f . .
T, total time during which a point (probe
Pr Prandtl number £ S : .
. . tip) is occupied by the gas phase in a data
R, time averaged gas volume fraction
record
Re Reynolds number based on the . .
. 7. thermocouple time constant in the
thermocouple bead diameter and .
as/liquid properties continuous phase
gas/uqul . Ty thermocouple time constant in the
r radial distance from the axis of the .
dispersed phase.
vessel
1 time
1y residence time of a bubble at the probe Subscripts
tip ¢ continuous phase
T temperature d dispersed phase.

Microthermocouples have been used for the
measurement of the phase temperatures in two-phase
flows. A review of studies on temperature measure-
ments in two-phase flows using microthermocouples
is given by Jones and Delhaye [12] and Hewitt [14].
Experiments have been carried out on boiling heat
transfer to study temperature fluctuations near a
heated surface with either pool boiling or forced con-
vection. Marcus and Dropkin [24] used a micro-
thermocouple probe made up of wires 50 um in
diameter in measuring mean fluctuating temperatures
to evaluate the thickness of the superheated layer in
contact with a heated wall. Van Stralen and Sluyter
[25] performed experiments to characterize tem-
perature fluctuations and growth of bubbles generated
at a heating strip in a test section. Stefanovic ez al. [26]
used a 40 ym diameter thermocouple and obtained
amplitude histograms in pool boiling and in forced
convection boiling. The authors separated steam and
water temperature histograms by assuming that the
predominant phase had a symmetrical temperature
distribution. Similar measurements were performed
by Afgan et al. [27]. Superheated layer thickness
measurements were conducted in saturated and sub-
cooled nucleate boiling by Wiebe and Judd [28] using
a 75 um chromel—constantan and microthermocouple.
A time averaged temperature was determined by inte-
grating the temperature signal.

The preceding works have contributed to a large

+ Multifluor inert liquid is a trademark of Air Products
and Chemicals, Inc.

extent to the understanding of the local thermal struc-
ture of two-phase flows. However, no phase-resolved
temperature measurements for the gas-injected liquid
bath systems were obtained. In the present paper,
phase volume fraction, bubble frequency, bubble vel-
ocity and phase resolved temperature measurements
are reported for air-injected water and air-injected
multifluor™ inertt fluid baths. Measurements were
carried out in water and multifluor inert fluid baths
contained in a cylindrical vessel. A stream of air was
injected through a vertical nozzle located centrally at
the bottom of the vessel. In the air/water systems,
the local values of the gas volume fraction, bubble
frequency, bubble velocity, and phase temperatures
were measured. In the air/multifluor inert fluid
systems, only the phase temperatures were measured
since multifluor inert fluid is not electrically conduc-
tive. An electroresistivity probe was employed for the
determination of the local void fraction and bubble
arrival frequency. A double contact electroresistivity
probe was used for the measurement of bubble
velocity. Both cold air/hot water and hot air/cold
water systems were used for temperature measure-
ments. For the multifiuor inert fluid, only hot air jets
were used. The phase resolved temperatures were mea-
sured using a microthermocouple. A digital filtering
and time response compensation technique were
applied to the microthermocouple signals.

EXPERIMENTAL APPARATUS

In the present study, measurements were performed
in vertical gas injected liquid baths. The apparatus
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Fig. 1. Schematic diagram of the experimental facility.

employed is illustrated schematically in Fig. 1. The
individual components can be divided into four main
subsystems: (1) the cylindrical vessel, (2) the heater
and the gas delivery system, (3) the probes and pos-
itioning mechanism and (4) the data acquisition
system. An oscilloscope (Norland Corp., Prowler)
and a digital thermometer (Omega Engineering, Inc.,
Digicator) were used as supporting equipment.

The cylindrical vessel containing the liquid was built
by flanging a Pyrex-glass tube to a stainless steel plate.
The vessel had an internal diameter of 300 mm and a
height of 200 mm. The injection nozzle was located
centrally at the bottom of the vessel. The nozzle was
machined from a Teflon rod and had a straight inner
hole 1.58 mm in diameter. The outside diameter was
25.4 mm and threaded so that it could be screwed into
the threaded hole in the bottom plate flush with the
inner surface of the plate. A thermocouple was
installed 35 mm upstream of the nozzle exit to monitor
the temperature of the gas before it discharges into
the liquid. An electric tape heater of 800 kW was
installed around the vessel to heat the liquid in the
vessel (when needed). The heater was controlled with
a digital temperature controller (Omega Engineering,
Inc., CN310) to maintain the liquid temperature at a
desired level. All faces of the vessel were then insula-
ted except the top surface which was open to the
atmosphere.

Injection air was supplied by a central compressor
in the laboratory. The gauge pressure of the air line
was 620.5 kPa. A pressure regulator and filter were
used at the entrance of the system. The gas flow rate

was monitored using a rotameter with a spherical float
(Emerson Electric, Co., R615B). Two needle valves
and pressure gages were placed at the entrance and
exit of the rotameter. The air exiting from the
rotameter passed through the heater which was made
of a 25.5 mm diameter stainless steel flexible tube
and a 2400 kW electric heater tape. The bubble sizes
ranged from 2-10 mm for the flow rates considered in
the study. The temperature of the air at the exit was
controlled by a temperature controiler (Omega Engin-
eering, Inc., CN310). The heater exit was connected
to the injection nozzle through a two-branch tubing
arrangement. A three-way solenoid valve was con-
nected to one branch and a needle valve was placed
on the other branch. This arrangement provided a
means to direct part of the gas to the environment, if
needed, at the beginning of the experiments.

A two-dimensional positioning mechanism was
built to locate the probes accurately (+0.02 mm) at
the measurement points within the flow domain. The
mechanism was constructed from two linear unislides
(Velmex, Inc., A1518Q2). The location of the probe
tips was determined using the scales placed on both
the vertical and horizontal slides of the mechanism.
The data acquisition system consisted of a plug-in
board (MacADIOS II, GW Instrument, Inc.) and a
Macintosh II computer.

Ideally, a single probe that measures temperature
and can distingunish phases is desirable. An attempt to
obtain data by positioning a phase sensor (elec-
troresistivity probe) and a microthermocouple in close
proximity was not successful. This was primarily due
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to the interference of the electroresistivity probe on
the microthermocouple signal. Hence, gas volume
fraction and phase resolved temperature measure-
ments were performed sequentially. The temperature
of each phase was determined from a single thermo-
couple data record. When the injected gas was
colder than the liquid in the bath, it could be assumed
that at any point in the flow domain the temperature
of the gas was always less than or equal to the liquid
temperature. This information can be used to identify
whether a point on a temperature signal trace was
taken in the gas or liquid phase. In the systems studied,
some prior qualitative information about the phase
temperatures was available. Further details of the
experimental procedure can be found in ref. [29].

An electroresistivity probe with a single sensor was
used for the gas volume fraction and bubble frequency
measurements. For the velocity measurements, a
double contact electroresistivity probe was employed.
Tips of the double contact electroresistivity probe was
on the same vertical line and 2 mm apart from each
other. The sensing elements were made from stainless
steel and were soldered to a length of copper wire.
The entire surface of the needles was coated with a
thin layer of red Glpt insulating varnish (marketed by
G. C. Electronics). The Glpt coating was dissolved
from the tip of the needles using Strip-X (a solvent
marketed by G. C. Electronics) leaving a 0.1 mm long
bare tip measuring 0.1 mm at its largest diameter.
These dimensions were chosen following suggestions
of Castillejos [30]. The wire was then passed through
a ceramic insulating tube which was housed in a stain-
less steel support tube. Both ends of the stainless steel
sheath were sealed with epoxy resin to prevent any
infiltration of the liquid. The bottom plate of the vessel
was employed as the return (reference) electrode. A
direct current power supplier (~35 V) was used to
energize the circuitry so that voltage pulses between
the sensing element and the return electrode could be
measured. To minimize the current flow, an external
resistor of 500 kQ was placed into the circuitry in
series.

The probe used for the phase resolved temperature
measurements was a chromel-constantan (E type)
microthermocouple. The microthermocouple, made
from 25 um wires, was welded to lead wires which were
0.127 mm in diameter. The wires were then passed
through a two-hole ceramic insulating tube. Only a
small length of the microthermocouple ( ~ 2 mm) was
outside the ceramic tube. Both ends of the ceramic
tube were carefully sealed with epoxy-resin. To
increase the rigidity of the microthermocouple, the
epoxy-resin was extended toward the hot junction
(bead), but it was made sure that the hot junction was
bare. The ceramic tube was then placed in a stainless
steel sheath. Both ends of the steel case were sealed to
prevent any liquid infiltration. The extension wires
were shielded with aluminium foil up to the analog
break out (ABQO) unit to reduce the effects of elec-
tronic noise on the signals.
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SIGNAL ANALYSIS

Analysis of the electroresistivity probe signal

Figure 2 shows an idealized and a real phase signal
traces. The ideal signal trace [Fig. 2(a)] was drawn
from the principles of the electroresistivity probe. If
the tip of the sensor ideally pierces the bubbles, the
signal would be a sequence of rectangular pulses. each
representing a bubble. The length of the pulses cor-
responds to the time during which the tip of the probe
is in the gas phase. Since, the bubbles arrive in an
irregular manner, the length and frequency of the
pulses are random, as seen in Fig. 2(b). This makes 1t
necessary to examine the state of the bubble contacts
continuously with a computer to extract information
on the behavior of the bubbles. This requires con-
version of the analog into digital signals prior to analy-
sis. The digital signal can then be analyzed on the
basis of the definition of the flow parameters to be
measured (local gas volume fraction and bubble fre-
quency). Using a voltage threshold level, the analog
signals can be approximated with a binary variable,
X(x,1), which is a function of position and time.
X(x.1) is unity when the probe tip is in the liquid
phase, and X(x,1) is zero when the tip is in the gas
phase. Selection and effects of the threshold voltage
on the measured parameters are discussed in detail by
Turkoglu [29].

The local gas volume fraction (or rather local gas
time fraction) is defined as the probability of the exis-
tence of the gas phase at a given point. Under steady
state conditions, the time averaged local ‘gas time
fraction’ is given by

N
Z tG.n

n=1 TG

] T
R(i(x):;j X(x,ndt = =—. (1)
()

) T T

where 1, is the contact time of the probe with the
bubble n, 7 is the total sampling time, and N is the
total number of bubbles that pass through the probe
tip during the time period 7. This method for the
determination of the gas fraction is valid if the sam-
pling time is sufficiently long to allow statistical treat-
ment of the signals. It has been theoretically proven
[31] that the local ‘gas time fraction’ and the local gas
volume fraction are identical quantities. Hence, in this
work, hereafter ‘time fraction” and ‘volume fraction’
are considered to be identical as far as the measure-
ments are concerned, and only ‘volume fraction’ is
used in the text.

The local bubble frequency is defined as the rate of
arrival of the bubbles at a point (probe tip) in the flow
domain. Each pulse in the signal traces obtained from
the electroresistivity probe represents a bubble. The
total number of bubbles, N, arriving at the probe tip
for a given duration 7 can be determined from these
signals. Then the local bubble frequency is calculated
as
N
.

Jo = 2
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Fig. 2. Idealized and real signal traces obtained from the electroresistivity probe. (a) Ideal signal, (b) real
signal.

A modified form of the probe was used for the
bubble velocity measurements, as explained earlier.
The bubbie rise velocity is determined using the signals
obtained from both tips of the electroresistivity probe.
The time taken by the bubbles to travel from the lower
tip of the probe to the upper tip is figured out from
these signal traces. Then, the velocity is calculated as
the ratio of the vertical distance between the probe
tips to the time period taken by a bubble to rise from
the lower tip of the probe to the upper tip.

Analysis of temperature signals

The thermocouple placed in the gas-liquid plume
is randomly hit by bubbles rising in the liquid. The
same thermocouple senses both the gas and the liquid
phase temperatures at the same point. However, at
any given instant, it can only sense the temperature
of the phase surrounding it. Thus, the thermocouple
provides a quasi-periodic sequence of information on
the temperature of the phases. The same signal trace
contains information from both phases. The phase-
resolved temperature measurements involved deter-
mination of the temperature of each phase from the
same signal trace.

An idealized (hypothetical) and a filtered and com-
pensated real temperature trace (for cold gas injection

into hot water) are given in Fig. 3(a) and (b), respec-
tively. Similar to the phase signals, the temperature
signals also consist of two levels, each representing
the temperature of one phase. However, transition
from one level to the other is not as sharp as in the
phase signals [see Fig. 2(b)] due to temperature gradi-
ent on both sides of the interface and the longer
response time of the thermocouple. This situation is
depicted in Fig. 3(a).

The thermocouple signals are, in general, low in
amplitude (of the order of millivolts). This makes
them quite sensitive to the electrical noise generated
by power lines, electronic equipment, radio waves,
etc. Unless this noise is filtered out effectively, the
measurements are not meaningful. In some systems,
the residence time of the phases at the probe tip may
be less than the response time of the thermocouple.
In such cases, the thermocouple temperature cannot
reach the temperature of the phase surrounding the
hot junction. Hence, in order to obtain the phase
temperatures from the thermocouple temperatures, a
correcting operation (compensation) should also be
performed.

Digital filtering of temperature signals
To obtain statistically meaningful phase tempera-
tures, the noise superimposed on the temperature sig-
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Fig. 3. Ideal (a) and real (b) thermocouple signal traces.

nals must be removed. In the present study, a low pass
digital filter was used to filter the signals. The filter
was defined by [32]

(3

where x, is the input, y, is the output, and a is the
filter coefficient. The value of @ ranges between zero
and one.

Yn = axn+(1 _a)yn—la

Compensation for the thermocouple response

Thermal inertia causes the temperature of the ther-
mocouple to lag behind that of the fluid surrounding
the bead with a reduced amplitude. Hence, the ther-
mocouple temperatures must be corrected to obtain
the temperatures of phases. With perfect compen-
sation, it is theoretically possible to recover the phase
temperatures from those measured [33].

Thermocouple compensation techniques have been
widely used in temperature measurements within tur-
bulent flames to investigate the temperature fluc-

tuations. Researchers have used either electrical or
digital compensation techniques. Although the elec-
trical compensation has been proven useful, it has
severe limitations [34]. The most significant limitation
is that, as the value of ‘time constant’ increases, the
maximum frequency that might be compensated accu-
rately decreases substantially because of the increased
electrical noise from the compensator. Digital com-
pensation overcomes many of the limitations of the
electrical compensation; the noise level is reduced
because fewer electronic components are used, and the
digital compensation is more flexible and is generally
more accurate. Digital signal processing also simplifies
the procedure of applying additional corrections to
the temperature data, such as radiation heat transfer,
and conduction heat transfer to the leads, if needed.
Another advantage is that various time constants may
be used to compensate the same temperature data
without resampling.

In the present work, a digital compensation tech-
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nique was used. The thermal lag between the tem-
peratures of the phases and thermocouple junction
can be analyzed by a lumped capacity method [35].
This yields

dT(s)

T.(t) = T(t)+Te—d;‘ )

for the continuous phase and

dT()
T ®)

T30 =T +14

for the dispersed phase, where T.(¢), T4(¢) and T(¢) are
the temperatures of the continuous phase, dispersed
phase, and the thermocouple, respectively. Here 7,
and 7, are the time constants of the thermocouple in
the continuous and the dispersed phases, respectively.
These are calculated as

mC, mC,
= A and rd—hdA.

T, 6

The time constants depend on the size of the bead
and properties of the thermocouple material (mass m,
specific heat C,), and the heat transfer coefficients
(h. or h,) between the thermocouple bead and the
surrounding phase. If 7, and 7, are known, then equa-
tions (4) and (5) provide the necessary tools to deter-
mine the corrected phase temperatures from the
thermocouple temperature.

Usually, an average time constant is used for com-
pensation. An instantaneous time constant has been
used for the measurements of the temperature fluc-
tuations in premixed flames [36, 37]. Use of variable
time constants involves the simultaneous measure-
ments of temperature and velocity. Although the
instantaneous compensation of the thermocouple
measurements is possible, the expected small increase
in accuracy may not justify the added cost and com-
plexity. The use of an average time constant greatly
simplifies measurements and data reduction because
additional simultaneous velocity measurements are
not necessary, and the required number of cal-
culations are significantly reduced. Cambray et al. [38]
compared the instantaneous thermal inertia com-
pensation using a two-wire method with that of using
an average time constant. They found that, even in
cases of large time constant fluctuations, com-
pensation with an average time constant does not lead
to significant differences. The average time constant
may be measured in-situ by electrical heating methods
[39, 40] or by the two-wire method [38]. Another
technique to obtain the average time constant is via
theoretical calculations [35, 41]. In the present study,
the latter approach was adopted.

The heat transfer coefficients between the phases
and the thermocouple bead were calculated using the
correlation [42]

k
h= 5(2.0+0.60Re°'5 Pro3), (7
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where D is the sphere diameter of the thermocouple
bead, and the physical properties are for the sur-
rounding fluid. The bead diameter of the thermo-
couple used in the present study was 0.0584 mm.

The time constants in air, water and in multifluor
inert fluid calculated using equations (6) and (7) are
found to change very little for fluid velocities larger
than 0.4 m s~' [29]. The error introduced would be
insignificant if an average time constant was used for
higher fluid velocities. In order to apply equations (4)
and (5) for phase-resolved temperature measure-
ments, it must be known whether T(¢) is taken in the
liquid phase or gas phase. The position of the liquid—
gas interfaces must be found on the temperature signal
trace. At the liquid-gas interface, the following con-
ditions must be met: (1) the temperature is the same
for both phases, and (2) the heat flux is continuous.
That is, at the interface

T.() = Ty(t) = T (8)
and
T, | 0T,
ke o fes ar ®)

From equations (4) and (5), it can be shown that
at the interface
oT() o7
o TN

(10)

Equation (10) implies discontinuities of the first
derivatives of the thermocouple temperature at the
interface. These discontinuities, however, did not
show up directly in the collected data, due to the finite
size of the thermocouple hot junction.

Due to this fact, an approach utilizing the prior
qualitative information on the phase temperatures
was used to find the liquid—gas interface. The deriva-
tive d7(r)/ d¢ in equations (4) and (5) was obtained
numerically from the (filtered) temperature data rec-
ords using a forward differencing scheme. The effect
of compensation for the temperature measurements
in the air-water systems was smalil [29]. However, for
the air-multifluor inert fluid system, the discrepancy
between the noncompensated and compensated sig-
nals was significant (up to 50%). The reason for this
is that the time constant of the thermocouple in water
is quite small (~0.5 ms) in contrast to that in
multifluor inert fluid (~ 5.0 ms).

Determination of phase-resolved temperatures

The gas (dispersed phase) thermal conductivity is
smaller than the liquid thermal conductivity. Hence,
the thermal gradient on the liquid side of the interface
would be smail. The heat capacity of a gas bubble is
quite small in comparison to that of the liquid sur-
rounding it. The overall temperature change in the
liquid will thus be very small for the present system.
The above argument and the profile of the time—tem-
perature traces suggest that local instantaneous phase
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Table 1. Experimental conditions for the void fraction and bubble frequency measurements (isothermal air-water system)

Orifice diameter Vessel diameter Gas flow rate Gas velocity at
Case [mm] [mm] [mm] Q [Nm’s7'] nozzle exit, W, [m s™!]
1 1.58 300 150 0.646 x 10~* 34
2 1.58 300 71

temperatures are best represented by the local maxima
and minima in the temperature signals. The local time
averaged phase temperatures can then be obtained by
averaging the local maxima and minima. Note that
the average of the local maxima represents the local
time averaged temperature of the hot phase, while the
average of the local minima represents the local time
averaged temperature of the cold phase. This
approach reduces the effects of thermocouple response
time and the unreliable determination of the inter-
face temperature on the calculations of the phase
temperatures.

EXPERIMENTAL RESULTS

Gas volume fraction measurements
The phase volume fraction measurements were car-
ried out in air-water systems at gas flow rates of

1.36 x10*

0.646 x 10 *and 1.36 x 10" m’ s~' (25°C and 1 atm)
as shown in Table 1. Assuming the flow in the bath to
be axisymmetric, the measurements were performed
on a vertical plane passing through the axis of the
injection nozzle. At a given axial position on this
plane, the measurements were performed radially on
both sides of the axis. At each point, data were col-
lected at a rate of 10 000 samples per second. The total
sampling time changed from point to point between
20 and 50 s.

Typical results of the radial gas volume fraction
profiles are plotted in Figs. 4 and 5 for Cases 1 and 2,
respectively. Figure 5 shows the gas volume fraction
profiles for only half of the vertical plane for Case 2.
The time averaged gas volume fraction profiles are
symmetrical about the axis of the injection nozzle and
exhibit a Gaussian shape. The radial spread of the gas
increases with the increasing axial distance from the

0.0
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Fig. 4. Radial profiles of the gas volume fraction at different cross-sections, Q = 0.646 x 10”* Nm*s~'.
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Fig. 5. Radial profiles of the gas volume fraction at different
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nozzle exit. The profiles become flatter away from the
nozzle as more liquid is entrained by the gas bubbles
into the rising plume. The profiles of the gas volume
fraction along the axis of the nozzle are plotted in
Fig. 6. This figure shows a rapid decrease in the gas
concentration upon discharge and for z > 70 mm the
volume fraction profiles are uniform.
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The rapid decrease of the gas volume fraction indi-
cates that the gas jet expands near the nozzle exit. The
jet quickly entrains water and grows laterally. The gas
concentration along the axis of the injection nozzle
increases with increasing gas flow rate. A comparison
of the radial gas volume fraction profiles on the hori-
zontal plane at z = 20 mm is given in Fig. 7. This
figure also shows that gas concentration along the axis
of the injection nozzle increases with increasing gas
flow rate. However, the radial dispersion of the gas
plume does not show a considerable difference for the
cases studied. This is in agreement with the findings of
Castillejos [30]. His experiments in air—water systems,
with different injection rates, showed that the cone
angle of the gas-liquid plume changes from 18 to 22°
with increasing injection rate. Visual studies carried
out by Turkoglu [29] also showed that the gas con-
centration in the plume increases with increasing injec-
tion rate, however, the radial extent of the plume does
not change considerably.

Bubble frequency profiles

Bubble frequency profiles are similar to gas volume
fraction distributions in that they are also symmetrical
and exhibit the same shape as the volume fraction
profiles. The profiles become wider and flatter at the
downstream of the injection point as the gas-liquid
plume spreads radially. At high injection rates, a gas
core region forms around the nozzle exit. The bubble
break-up takes place away from this region. As a
result, the local bubble frequency decreases and there-
after increases. A similar bubble break-up behavior
was also observed by Castillejos and Brimacombe [4].
In general, with increasing axial distance, bubble fre-
quency decreases as its radial dispersion increases.

Gas phase (bubble) velocity profiles
Radial profiles for the bubble velocities at different
cross-sections are shown in Figs. 8 and 9 for Cases 1

1.0
B Q=136x10% Nm3s
0.8+ A Q=0646x10""4
8
& o064
Q
E
2
S 04-
3
Q
0.2+
0.0 T ey v T T v
0 50 100 150
Axial position [mm]

Fig. 6. Gas volume fraction profiles along the axis of the injection nozzle for two flow rates.
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Fig. 8. Radial velocity profiles at different cross-sections, Q = 0.646x 10 * Nm's .

and 2, respectively. As seen, the velocity profiles are
also symmetrical about the axis of the vessel and exhi-
bit a normal distribution. Near the nozzle exit, it chan-
ges with the radial position as well as with the axial
position. With further increase in the axial and the
radial distances, the velocity profiles become flatter at
a value around the terminal speed. The higher velocity
in the high volume fraction region can be attributed
to the wake effect observed in this region.

Phase temperature measurements

Phase resolved temperature measurements were
carried out in vertical air—water and air-multifluor
inert fluid systems. The vessel dimensions and liquid
height in the vessel were the same as given in Table 1.
The side and bottom walls of the vessel were thermally
insulated ; the top surface was open to the atmosphere.
The measurements were carried out at different points
along the axis of the injection nozzle in the two-phase
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gas liquid region. The signals produced by the mic-
rothermocouple were analyzed to determine time
averaged phase temperatures. Samples were collected
at a rate of 10000 per s for 5-10 s. The results of the
measurements in air—water systems are presented first.
Then, the results of the measurements in air-multi-
fluor inert fluid systems are presented and discussed.

Temperature measurements in air-water systems

Measurements were carried out in both cold air-
hot water and hot air—cold water systems. The exper-
imental conditions for the temperature measurements
in air-water systems are given in Table 2. For the
case TW1, water in the bath was heated by a heater
installed around the vessel. The temperature of the
bath was kept at the predetermined value with a tem-
perature controller. The measurement was started
when a steady state initial bath temperature of 60°C
was reached.

Temperature traces at different points along the axis
indicated a two-level structure, each level representing
the temperature of one phase. At points close to the
injection nozzle, considerable differences between the
upper and lower levels of the traces (between the phase
temperatures) were observed. These differences
decrease with increasing axial distance from the injec-

tion point. Finally, the air bubbles reach the water
temperature, and the temperature trace becomes a
straight line. It is observed that near the nozzle, the gas
temperature is considerably different from the liquid
temperature. It is also seen that near the nozzle exit,
the water temperature changes from its initial value.
However, away from the injection point, where the
liquid concentration is high, the temperature change
in the water is insignificant, since the amount of heat
absorbed by the gas bubbles is small compared to the
heat content of the water. The measurements on a
given radius at points away from the axis did not show
any difference between the phase temperatures. This
could be attributed to the fact that the gas volume
fraction decreases sharply with the radial distance
from the axis of the injection nozzle (see Figs. 4 and
5). This indicates that the heat transfer between the
phases is quite efficient when the phases are well
mixed.

The results of the temperature measurements are
presented in terms of normalized profiles, so that a
comparison can be made between the temperature
profiles obtained under different experimental con-
ditions. The phase temperatures, 7, are normalized
as

ei = (Ti - TL.iml)/ (TG,in - TL,iml)’

Table 2. Experimental conditions for the temperature measurements in air-water systems

Air flow rate

Initial bath Air inlet

Case Q [Nm’s™'] temperature [°C] temperature [°C]
TW1 0.646 x 10~* 60 24

TW?2 0.646 x 10~* 22 163.8
TW3 1.29x 107* 22 182
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where T, and T, in are the initial liquid tem-
perature and the gas temperature at the nozzle exit,
respectively.

The normalized temperature profiles of the gas
phase along the axis are plotted in Fig. 10, which
shows that the liquid and gas have different tem-
peratures around the nozzle exit, but reach equi-
librium in a short distance thereafter. The extent of the
region where the phases have different temperatures
increases with increasing gas flow rate. The gas con-
centration in this region also increases with increasing
injection rate. This indicates that the gas can maintain
a temperature different from the liquid temperature
over a larger distance from the injection point if the
gas concentration is high.

Although a slight temperature change in the water
near the nozzle exit is seen, considerable change in the
bulk temperature of the water is not observed in the
systems (TW2 and TW3) studied. This was also
checked by a simple heat balance calculation as the
experimental time was short (each experiment took
10-15 min). However, when a cold air stream was
injected into the hot water bath (Case TW1), the bulk
temperature of the liquid changed only 2-4°C. This
was thought to be mainly due to heat transfer in the
environment from the open top surface of the bath.
Although the air temperature at the nozzle exit was
higher than the boiling temperature of water (Cases
TW2 and TW3), the temperature of the air and water
in the bath were always lower than the boiling tem-
perature. The maximum air and water temperature
observed near the nozzle exit in the measurements
performed were 88°C and 34°C (Case TW3,atz =15
mm), respectively. When the distance from the injec-
tion point was increased, these temperatures dropped
further.

The effect of local evaporation from the thermo-
couple surface could be important for the gas tem-
perature measurements. For example, if an air bubble

engulfing the thermocouple bead is not saturated with
the water moisture, the liquid film on the bead will
evaporate. As a result of this evaporation, the ther-
mocouple cools down. This may result in a tem-
perature reading lower than the bubble temperature.
In the present experimental studies, no such cooling
effect was expected. Even though air entering the
heater is not saturated, its moisture content increases
due to water draining into the gas line before it is
discharged into the bath. As gas bubbles rise in the
water, they pick up more moisture before reaching
measurement locations. In the meantime, the air tem-
perature decreases due to the heat transfer to the liquid
phase.

Temperature measurements in air-multifluor inert fluid
systems

The experiments in air-multifluor inert fluid sys-
tems were carried out in order to investigate the effects
of the fluid properties on the heat transfer rate between
the phases. Density, boiling temperature, thermal con-
ductivity and specific heat of multifluor inert fluid are
2040 kg m~*, 240°C, 0.067 J m~"' s~' °C~' and 836
J kg~' °C™', respectively. The measurements were
performed under different injection conditions, keep-
ing the bath sizes the same. A hot air stream was
injected into the cold multifluor inert fluid bath. The
injection conditions studied are given in Table 3.

The axial profiles of the normalized gas and liquid
temperatures are plotted in Figs. 11 and 12, respec-
tively. As shown, the temperature profiles in air-mul-
tifluor inert fluid systems exhibit a behavior similar to
that seen in air—water systems. However, the changes
in the phase temperature profiles are not as great as
those observed in the air—water systems (see Fig. 10).
Due to the low thermal conductivity and heat capacity
of the multifluor fluid, the heat transfer rate between
air and multifluor fluid is presumed to be less than that
between air and water. As a result, the temperatures of
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Table 3. Experimental conditions for the temperature measurements in air-multifiuor inert fluid

systems
Air flow rate Initial bath Air inlet
Case Q [Nm?s™} temperature [°C) temperature [°C)
T™I1 0.323x107* 26 135
T™2 0.646 x 10~* 21 135
™3 1.29x107* 25 159
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Fig. 11. Normalized gas temperature profiles along the axis of the injection nozzle for cases TM1,TM2 and
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the multifluor inert fluid and air become equal at
longer axial distances (compared to the air-water
cases) under the same operating conditions.

The results of these temperature measurements are
of interest from both theoretical and practical points
of view. The measurements have revealed that for the
experiments performed, the phases reach an equi-
librium temperature in a short distance from the injec-
tion point. Nevertheless, the phase temperatures near
the nozzle exit are considerably different from each
other. This indicates that when a cold gas stream is
injected into molten metal baths, the temperature of
the nozzle will be much less than the melt temperature
due to the cooling of the injected gas. At high gas
injection rates, the local cooling of the melt by the
injected gas may cause solidification near the nozzle.

Bubble—-liquid interfacial heat transfer
The heat flux from a bubble to the liquid phase
(over a time interval of Ar) is given by

.G

= Too—
1 AinlAr( h2

Tia). (1)
where 7, and Ty, are the average bubble temperature
at the end and the beginning of the time interval Ar as
the bubble rises in the liquid medium. m and ¢, are
the bubble mass and specific heat, respectively, and
A, is the interface area. The gas interface and inter-
face/liquid heat transfer coefficients A, , and h;,, can

now be defined as

(/” = thg(Tb ~Tiw) = hinLl(Tim - Thq)s (12)

where T, is the interface temperature, introduced
earlier in equation (8). However, no attempt was made
to calculate the values of the heat transfer coefficients
( from the present measurements) as the interface tem-
perature T}, could not be measured accurately.

CONCLUSIONS

Measurement techniques were developed to study
phase dispersion and phase resolved temperature dis-
tribution in gas-liquid two-phase flows. Electro-
resistivity probe and microthermocouple charac-
teristics are analyzed in connection with the phase
volume fraction, bubble frequency. bubble velocity, and
phase resolved temperature measurements. Electro-
resistivity probe provides an easy and suitable tool
to study phase volume fraction, bubble frequency and
bubble velocity distributions. It was observed that the
selection of the threshold voltage and sampling rate is
not critical for the determination of the gas volume
fraction and bubble frequency. A microthermocouple
with a wire diameter of 25 um together with a digital
signal processing procedure is found to be satisfactory
to obtain temperature distribution in each phase.

The local phase volume fraction, bubble frequency,
bubble velocity, and phase resolved temperature dis-
tributions were experimentally studied in air sparged

H. TURKOGLU and B. FAROUK

with water and multifluor inert fluid baths. The
thermocouple signals were digitally filtered and com-
pensated for the response time. The measurements
were carried out to characterize the overall structure
of the gas-liquid plume and the phase resolved tem-
perature profiles.

The experimental measurements revealed that in
the close proximity of the injection nozzle, the flow
variables show steep changes in both radial and axial
directions. With increasing axial distance, the profiles
show a relatively uniform behavior in the axial as well
as in the radial directions. The radial profiles of gas
void fraction and bubble frequency at different axial
locations exhibit good similarity, which can be
approximated by a Gaussian distribution. The axial
profiles of the gas temperature also show rapid
decrease. The phrases reach thermal equilibrium
within a short distance from the injection nozzle.
However, for the experiments performed, close to the
injection point, the gas temperature is considerably
different from the liquid temperature.

The present measurements are of value in validating
numerical models for the prediction of two-phase
flows in gas injected liquid baths. Such measurements
can provide a wealth of information for different com-
binations of gas/liquid systems. The phase resolved
temperature measurements are of particular interest
as they can be used for providing bubble/liquid heat
transfer correlation. With detailed bubble velocity and
gas-liquid interface temperature measurements, heat
transfer coeflicients on both sides of the interface can
be determined.
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