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Abstract-A theoretical foundation of the measurement method for the time averaged local interfacial 
area using a double sensor probe is presented. Experimental data are presented on the radial profiles of 
the void fraction, bubble velocity, bubble chord length and interfacial area concentration at various gas 
flow rates. In addition to these, some statistical information on turbulent motions of bubbles are presented. 
Each of the double sensors is checked against the global void measurement using a differential pressure. 
The result is very satisfactory. Furthermore, the area averaged void fraction and the interfacial area 
concentration obtained from the double sensor probe measurement compared very well with the photo- 
graphic measurements. The results show that the double sensor probe method is accurate and reliable for 
the local measurements of interfacial area and void fraction in bubbly two-phase flow. Some results of the 
measurement of interfacial area concentration with the double sensor probe are also presented for bubbly 

flow at different liquid flow rates. 

1. INTRODUCTION 

IN THF! analysis of two-phase flow thermal-hydraulics, 
various formulations such as the homogeneous flow 
model, drift flux model and two-fluid model have been 
proposed. Among these formulations, the two-fluid 
model [ 1, 21 considers each phase separately in terms 
of two sets of conservation equations which govern 
the balance of mass, momentum and energy of each 
phase. Because of its detailed treatment of the phase 
interactions at the interface, the two-fluid formulation 
can be considered the most accurate model. Since 
mass, momentum and energy are exchanged from one 
phase to the other through the interface, the interfacial 
transfer terms should be modeled accurately for the 
two fluid model to be useful. In the present state of 
the art, the constitutive equations for these interfacial 
terms are the weakest link in the two-fluid model. 
The difficulties arise due to the complicated transfer 
mechanisms at the interfaces affected by the motion 
and geometry of the interfaces. Furthermore, the 
constitutive equations should be modeled by macro- 
scopic variables based on proper averaging. The 
importance of interfacial area concentration can be 
explicitly seen in the basic conservation equations of 
two-phase flow. For most applications, the model 
developed in ref. [l] can be written in the following 
forms : 

continuity equation 

aakpk 
at + v * (CrkPkVk) = I-k ; (1) 

t Author to whom correspondence should he addressed. 

momentum equation 

aa,P,v, 
___ + v * (cQJlkVkVk) = - NkVPk + v at 

’ &(?k +r;) + ‘$#kg+v,irk +M,/, --Vu, ’ rj ; (2) 

enthalpy energy equation 

aakPkffk 

-----++v~(~k~k~k~k) = v'~k(~k+q:) 
at 

+~k~pk+H,,rk+~+@k. (3) 
E 

Here Ik, Mik, r,, qli, and Qk are the mass generation, 
the generalized interfacial drag, the interfacial shear 
stress, the interfacial heat flux, and the dissipation, 
respectively. The subscripts k and i denote phase k 

and the value at the interface, respectively. The ak, pk, 

v,,p, and Hk denote the void fraction, the density, the 
velocity, the pressure, and the enthalpy of phase k. 

The Tk, r:, 8, qk and g denote the average viscous 
stress, the turbulent stress, the mean conduction heat 
flux, the turbulent heat flux, and the acceleration due 
to gravity. Hki is the enthalpy of phase k at the inter- 
face. L, is a length scale at the interface and l/& has 
the physical meaning of the interfacial area per unit 
volume [l]. Then 

1 Interfacial area 

,=“‘= Mixture volume ’ (4) 

The interfacial transfer terms which appear on the 
right-hand side of equations (l)-(3) are related to each 
other through the averaged local jump conditions [I]. 
In order to develop constitutive relations for M,kr 

q$/Ls and qg/L,, the knowledge of the interfacial area 
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- 

NOMENCLATURE 

-t 
a, time averaging of a, NO limiting value of angle a, 

Q bubble surface mean diameter P, angle between ny and projection of vi, 

D” bubble volume mean diameter into x-y plane 

D”, Sauter mean diameter PI angle between n, and n, 

_&,, .if superficial velocity of gas and v/ angle between n, and projection of vi, into 
liquid x-y plane 

N number of bubbles or droplets passing a 5, angle between II, and ni 
point per unit time Ok, o,$: r.m.s. of fluctuating components of 

AS spacing between tip and rear sensor of VlL,I I4:il 
double probe 

t , time when jth interface passes the probe L 

average time interval between interfaces 
angle between nj and vi, 

VI, velocity of jth interface 6 time interval of averaging over sampling. 
V IL, z component of vi, 
V .\ I passing velocity of jth interface through Subscripts 

double probe RF rear sensor signal fall point 

u.,,:, passing velocity of jth interface through RR rear sensor signal rise point 
double probe in the z-direction. TF tip sensor signal fall point 

TR tip sensor signal rise point. 
Greek symbols 

CL void fraction of gas phase Superscript 

@, angle between v,, and n, - arithmetic mean. 

concentration is essential as shown below. In terms of 
the mean mass transfer per unit area, mk, defined 
by Tk = mk/Ls, the interfacial energy-transfer term in 
equation (3) can be rewritten as 

r,H,,+~=t(m,H,,+41'i). (5) 
b 5 

The heat flux at the interface can be modeled using 
the driving force or the potential for an energy transfer 
as qii = hki( T, - T,) where T, and T, are the interfacial 
and bulk temperatures based on the mean enthalpy 
and h,! the interfacial heat transfer coefficient. A simi- 
lar treatment of the interfacial momentum transfer 
term is also possible. Thus all interfacial transfer terms 
in the balance equations can be expressed as the prod- 
uct of the local specific interfacial area and the driving 
force. The driving forces are characterized by the local 
transport mechanisms such as molecular and tur- 
bulent diffusions whereas the local specific interfacial 
area ai is related to the structure of the two-phase flow 
field. 

As the above formulation indicates, the knowledge 
of the interfacial area concentration is indispensable 
in the two-fluid model. Most of the available exper- 
imental data are limited to volume averaged inter- 
facial area concentration over a section of a flow 
channel. There are very few data available on local 
measurement of interfacial area concentration. Fur- 
thermore, there are few established theoretical foun- 
dations for relating this interfacial area to some easily 
measurable quantities. 

Techniques of interfacial area concentration 
measurement can be broadly classified into two categ- 

ories : (1) chemical methods for global measurement ; 
(2) physical methods. Detailed reviews of studies car- 
ried out with chemical methods in the measurement 
of interfacial area concentration are given in refs. [3- 
5]. A number of experimental studies were performed 
using a chemical absorption technique based on a 
pseudo-first-order chemical reaction. The volume 
averaged interfacial area between two sampling points 
can be measured for a steady state flow without phase 
changes. Besides their limitation of application for 
steady state flow without phase change, the chemical 
techniques do affect the coalescence and dis- 
integration properties of the fluid particles, due to the 
existence of a surface active agent. This and the very 
time consuming procedure restrict their applicability. 
Table 1 outlines the physical methods for determining 
the interfacial area, including their limitations. 

2. THEORY OF LOCAL INTERFACIAL AREA 

MEASUREMENT FOR DOUBLE RESISTIVITY 

PROBE 

A detailed study of the interfacial area definition 
using the theory of distribution has been carried out 
[l]. Among several averages of interfacial area con- 
centration, the time averaged value is most often used 
for the local interfacial area. The time averaged local 
interfacial area concentration is given by [ 1, 2 I, 221 

where $j is the angle between the velocity of the jth 
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Table 1. Physical methods of measuring interfacial area 

9L5 

Physical methods 

Bubble 
size range 

(mm) Limitation problems References 

(1) Photographic method 
(local and average) 

(2) Light transmission 
(local and average) 

(3) Optical probe 
(local) 

0.1-20 

I-20 

I-20 

Transparent fluid and walls. 
Accurate information near focal point 

Accurate for low void dispersed phase and 
transparent systems 

Mechanically sensitive 

F-1 11 

[6, 12-IS] 

[la-181 

(4) Ultrasonic pulse transmission 
(loCai) 

(5) Electrical resistivity probe 
(local) 

l-20 Low void dispersed phase 

0.5-20 Electrically conductive liquid 

119,201 

[9,21,33,34] 

interface, vij, and the direction of the surface normal 

vector. In equation (6) j stands for all interfaces pass- 
ing during the averaging period. By denoting the aver- 
age time interval between interfaces as r and using the 
symbol for a mean value, one obtains 

1 1 a’ = - ~ . 
4 > z Iv,1 ax # 

Now the number of bubbles or droplets which pass 
the point per unit time is denoted by N,, then z can 
be given by t = 1/(2N,). Here the factor 2 indicates 
that one particle has two interfaces associated with it. 
Thus the time averaged interfacial area concentration 
can be obtained by counting N, and knowing 
(vij( cos C#I~ for each interface. 

Figure 1 schematically shows a double sensor elec- 

j th lntsrlace 

(Of 

JC 
t,, 

TIIIX 

Cmditioned signal 
(b) 

FIG. 1. (a) Double sensor probe and jth interface. (b) Sche- 
matic of double probe measurement in two-phase flow 

system. 

trical resistivity probe. Sensors 1 and 2 detect gas and 
liquid phase by means of the difference between the 
gas and liquid electrical resistivities. Therefore, using 
one of these sensors, the number of fluid particles 
passing the probe per unit time, N,, can be measured. 
Furthermore, by measuring the time difference for an 
interface to pass sensors 1 and 2, the velocity of the 
interface passing the probe can be measured. 

Now a double sensor probe oriented in the s-direc- 
tion is considered where the mean flow is also assumed 
to be in the z-direction. The velocity and the normal 
unit vector of the jth interface, vii and nj, can be given 
in terms of unit vectors nr. n,, and n,, using angles 
with the z- and y-axes given by (cl+ fl,) and (p,, v,). 
By assuming that there are no statistical correlations 
between (v,,] and $j, which is the angle between the 
interfacial velocity and the direction of the surface 
normal vector, and that the number of measured inter- 
faces is large, such that the summation can be approxi- 
mated by a probability integral, it can be shown that 

]21] 

X 
P(s A c, v) da dB dl* dv 

cosacosp+sinasinycos@-v) (8) 

where P(a, 8, p, v) is the probability density function 
of (r, B, p, v. The above assumption implies the ran- 
domness of either the incident angle (p, or the velocity 
vij. For most practical cases of dispersed two-phase 
tIow the lirst may be assumed. 

The above equation indicates that C$ can be cal- 
culated from measured values of the bubble or droplet 
number, N,, and of the passing velocity of interfaces 
using one double sensor probe, if there is no statistical 
relation between interfacial velocity and the normal 
vector of the interface [23]. However, in addition to 
these it is necessary to know the form of the prob- 
ability density function, P(cr, B, p, v). For this purpose, 
it is assumed that the interfaces are composed of 
spherical bubbles or droplets and the probe passes 
every part of the bubble or droplet with an equal 



916 S. T. REVANKAR and M. ISHII 

probability. Furthermore, it is assumed that the x- 
and the y-direction components of vi, are random. 
Under these assumptions, /3 and v take any value 
between 0 and 271 with equal probability, and /l and v 
are statistically independent of each other. By carrying 
out the probability integral, one obtains 

, [l’g(a)sinaln e dcc 
( ) 

’ + ~ j;” g(u) cosotdoc 

Since the main flow is in the z-direction, the major 
component of the interfacial velocity is also in the z- 

direction. In that case, g(cc) is considered to have a 
sharp peak at CI = 0. A simple approximation for g(a) 

may be given by g(cr) = l/a,, for 0 < LX < CI~ and 
g(x) = 0 for u0 < c( < 7-r/2. This form of g(a) implies 
that the angle c( made by the interfacial velocity and 
the z-axis is random with an equal probability within 
the maximum angle of CQ. Substituting this relation 
into equation (9) the interfacial area concentration 
becomes 

Therefore, by knowing the value of LX,,, the time aver- 

aged local interfacial area concentration can be cal- 
culated from the measured values of N, and v,;,. 

The value of LX~ can be estimated from the measured 
values of statistical parameters of the interfacial vel- 
ocity [23]. The result shows that c(~ is related to the 
mean characteristic of the turbulent motion of the 
interface as 

sin 2~ 1 - (rJ:/]v,] ‘) 
p= 

2% 1 +3(o:/]Q2) 
(11) 

In deriving equation (11) it is assumed that the r.m.s. 
of the fluctuations of the z component interfacial 
velocity, g’., is equal to that of the r.m.s. of the x and 
y component velocity fluctuations. The study [24] 
carried out for bubbly flow in a vertical pipe using 
the ultrasonic Doppler technique, has shown that the 
magnitude of the axial component the r.m.s. bubble 
velocity fluctuation is nearly equal to the transverse 
components of the r.m.s. of the fluctuations of bubble 
velocity. Then by knowing ]vir] and cr_, it is possible 
to estimate the value of CL”. 

3. DOUBLE SENSOR RESISTIVITY PROBE 
METHOD 

3.1. Principle qf measurement 
The electrical resistivity probe technique was pro- 

posed by Neal and Bankoff [25] for determination of 

bubble size and velocity in gas-liquid bubbly flows. 
Since then the double resistivity probe has been used 
by Park et al. [26], and Rigby et al. [27] for the 
determination of bubble parameters in three-phase 
fluidized beds, by Hoffer and Resnick [28] for steady 
and unsteady state measurements in liquid-liquid 
dispersions, by Burgess and Calderbank [29] for the 

measurement in single bubbly flow, by Serizawa et al. 
[30], and Herringe and Davis [31] for the study of 
the structural development of gas-liquid bubbly flow. 
Resistivity probes have also been used by Veteau [9], 
Sekoguchi et al. [32], Kataoka and Serizawa [33], and 

Buchholz et a/. [34] to measure bubbly flow charac- 
teristics and the local specific interfacial area in gas- 

liquid systems. In early works employing the double 
resistivity probe in bubbly flow the transverse bubble 
velocities have been neglected in measuring the inter- 

facial area. However, the theoretical study carried out 
at Argonne [21] indicated that the effect of the bubble 
transverse fluctuations affects the interfacial area and 
should be included in the formulation. Recently a 
double sensor resistivity probe was used by Wang and 
Kocamustafaogullari [35] in a horizontal test pipe and 
by Kataoka and Serizawa [36] in a vertical test pipe 

for the measurement of local interfacial parameters 
for an air-water bubbly flow system. Basically these 
investigators used the same theoretical formulation 
developed in ref. [23] to determine the interfacial area 
concentration in bubbly flow employing a double res- 
istivity probe. 

In order to apply the double sensor probe method, 

electrical resistivity probes have been used. The 
method is based on the instantaneous measurement 
of local electrical resistivity around a sensor in the 
two-phase system by a double sensor electrode. The 
measurement principle is illustrated in Fig. 1. Sensors 
are made of an exposed tip of an otherwise electrically 
insulated metal wire. Basically each sensor works 
independently as an identifier of a phase surrounding 
that tip. As the circuit is opened or closed depending 
on whether the sensor is in contact with gas or liquid, 

the voltage drop across the sensor fluctuates between 
two reference voltages. For liquid continuous two- 
phase flow such as bubbly flow, the circuit is closed 
when the sensor is in liquid. 

In the double sensor probe technique, each sensor 
is used independently as a phase identifying device. 
Furthermore, from the timing of the shift in the volt- 

age, the time when the gas-liquid interface passes 
the sensor can be recorded. Therefore, parallel and 
independent information related to the phase identi- 
fication and the passing time of the gas-liquid inter- 
face is obtained through the signal conditioner from 
two closely located sensors. The typical time history 
records of signals from a double sensor electrical res- 
istivity probe in bubbly flow is shown in Fig. 2. 

As indicated in Fig. 1, the unconditioned signal 
shows a near exponential rise of the signal as the 
bubble hits the electrode. This is due to the finite size 
of the sensor and the possible deformation of the 
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(Cl 

FIG. 2. (a) Signal as a single bubble passes through double 
resistivity probe. (b) Design of typical resistivity probe. 

(c) Double probe tip and rear sensor signal tagging. 

interface. The trailing edge of the signal is steeper than 

the leading edge. In addition to these there is inherent 
noise in the signal. In order to condition the voltage 
output to idea1 square wave type signals, a proper 
threshold voltage has to be used as a triggering 
criterion. The value of the threshold voltage can be 
obtained by processing the data for the void fraction 
and by comparing the data with other reference 
measurement methods, such as the photographic tech- 
nique. The threshold voltage can be determined by a 
calibration procedure where measurements and signal 
processing are done on a bubble whose size and fre- 

quency are optically recorded and the data are com- 
pared with the double sensor probe technique. In the 
present study, it was sufficient to set the threshold 
voltage just above the circuit noise level so that clean 
square signals were obtained. Hence two different 
threshold levels are used. 

The void fraction data can be obtained from either 
of the two sensors. The cross check between them and 
against other global methods such as the photo- 

graphic and Ap transducer techniques used in the 

present work, assured that either the tip or rear sensor 

signal was independently suitable for void fraction 

data. The signals from these two sensors are used to 
measure the interface velocity by comparing the two 
passing timings (from the tip and rear sensors) belong- 
ing to the same interface. From the known distance 
between the sensors, the interface velocity is calculated 

using these timings. 
In the double sensor probe technique, the direction 

of the two sensor points is made to coincide with 
the axial flow direction. In this case, an additional 
information on the transverse velocity fluctuation of 
bubbles is needed as explained in the section describ- 

ing the mathematical principle. In the previous work 
of Kataoka et al. [23], the hot-film measurement of 

the liquid turbulence has been used for this purpose. 
However, in the present study the fluctuation of the 
axial bubble velocity measured directly by the res- 
istivity probe has been used. This is considered to be 
a major improvement because : 

(1) the measured bubble velocity fluctuations are 

used instead of liquid velocity fluctuations ; 
(2) no additional measurement such as the hot-film 

anemometer is required. 

3.2. Double sensor probe design 
A typical double sensor resistivity probe design is 

shown in Fig. 2. The material for the probe conductor 
is platinum wire of diameter 0.12 mm. The platinum 
wires were first insulated with GE No. 7031 adhesive 
and insulating varnish and then inserted into a 0.5 
mm i.d. stainless steel tube with 5 min epoxy resin for 
sealing and bonding. The 0.5 mm i.d. tube was inserted 
in another ss tube of 1.04 mm i.d. which in turn was 
inserted in a 1.8 mm i.d. ss tube. The tips of the two 
electrodes were adjusted for typical spacings of 2-5 
mm in the lengthwise direction and were aligned in 
the axial direction. The other end of the probe elec- 
trode was connected to copper wires. The whole probe 
assembly was put in a 3.175 mm tube which has a 90” 

elbow bend. A high strength epoxy resin cement was 
used to hold one tube to the other. The probe tips were 
left exposed and a final coating of epoxy resin was 
applied to insulate the rest of the probe conductor 
electrodes. 

3.3. Signal processing 
As the conditioned signals for bubbly flow consist 

of a train of square waves from both probes, the signal 
has to be processed such that the number of bubbles 
passing through the probe location and the bubble 
velocity information can be obtained by selecting the 
gas or liquid phase residence times with either probe 
sensor. For measurement of bubble number the tip 
probe signal is utilized. The total number of squares 
detected would give the number of bubbles hitting the 
tip sensor in a given period of time. Also the width of 
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each square is the bubble residence time. This infor- 
mation gives the time averaged local void fraction. 

For the case of the bubble velocity measurement 
the right selection of two closely corresponding signals 
from each probe is important, because two sequential 
signals detected by both sensors do not always cor- 
respond to the same interface, and the residence time 
intervals of the gas or liquid phase at the sensors are 
not exactly the same. The signal validation was made 

by judging whether the following conditions were sat- 
isfied (Fig. 5) : 

(1) By assuming the forward motion of the bubbles 

the tip sensor signal rises or falls before the rear sensor 
signal does. Therefore, denoting the times of the rise 
and fall in the tip and rear sensor signals by trRi, tTFI, 
tRR, and fRFi, respectively, the condition is given as 

fTRi < tRRi and tTF, < tRF,. (12) 

(2) The residence time of a bubble in the tip and 
rear sensors should be comparable (30%) to ensure 
that both sensors detect the same bubble. Hence the 
width of the square wave signals from both sensors 
which satisfy the first condition should also satisfy the 
following condition : 

(fT,G - hR,) - (fRFr - IRRt) d o,3. 

(kbr - hR,) 
(13) 

(3) The difference between the tip and rear sensor 
timing scaled by tTR,-tTFl should be limited by the 
condition 

c, < (hRz -fwJ < c2 (14) 

where C, and C, are the time limits assigning maxi- 
mum and minimum velocity of the bubble and are 
determined during the calibration procedure based on 

the liquid and gas volumetric fluxes and using a drift 
flux model. 

(4) For the bubbles hitting the tip sensor but miss- 
ing the rear sensor, it is necessary to compensate for 
the missed interfacial area contribution. This is clear 
from the discussion of void fraction signals. The inter- 
facial velocity for these bubbles was taken as the aver- 
age velocity determined from the bubbles that hit both 
the tip and rear sensors of the double probe. 

4. EXPERIMENTAL APPARATUS AND 
PROCEDURES 

For each gas flow rate the double sensor probe 

measurements were taken for the radial profiles of the 
interfacial velocity, void fraction and interfacial area, 
and the optical measurements were made through still 
photography. An accurate measurement of the two- 
phase pressure drop in the test section was converted 
to two-phase gravitational head to obtain the global 
void fraction data. Note, under the present exper- 
imental conditions the frictional loss was almost com- 
pletely negligible in comparison with the head loss. 

A schematic diagram of the experimental apparatus Additional experiments were also conducted in the 

is shown in Fig. 3. The test section is made of lucite forced flow air-water flow test facility to see the effect 
pipe. The height of the test pipe is 1.5 m and its inside of liquid flow rate on the measurements of interfacial 

diameter is 0.0508 m. The bubble generator was made area concentration in bubbly flow. This test loop con- 
of 49 stainless steel hypodermic tubes of 0.12 mm i.d. sisted of a 0.0508 m diameter lucite pipe of length 3.73 
The tubes were arranged in a 7 x 7 square matrix with m. The location of the double resistivity probe on this 
a pitch of 0.007 m and were supported by a high test section was at 3.1 m from the inlet. Bubbles were 
strength epoxy cement plate. This plate consisting of generated by a porous sintered metal tube and were 
vertically arrayed tubes is used as the gas injection mixed with the water that flows through a conical 
nozzles between the air plenum and the water column. shape entrance to the inlet of the test section. 

FIG. 3. Schematic of bubble column experimental set-up. 

The bubble generator produces uniform size bubbles. 
Demineralized water was used for the experiment. The 

double sensor probe was mounted on the traversing 
mechanism made of a micrometer screw gauge. In the 

present measurements the probe was stationed at 1.1 
m from the inlet of the test section. Using the trav- 
ersing mechanism, the double probe can be moved 
radially from the center towards the pipe wall up to 
2.5 mm from the wall. A camera was mounted slightly 
upstream of the double probe station. A strobe light- 
ing system giving exposure of a few microseconds was 
used along with the Nikon camera system for still 
photography. The data acquisition systems consisted 
of a fast A/D converter Metrabyte DAS-20 board and 
an IBM/PC-XT computer. The DAS-20 is capable of 

handling 100 000 samples per second. In the exper- 
iment the superficial gas flow rate was varied from 0 
to 0.12 m SK’. The return line was closed, hence the 

superficial liquid velocity was zero. 
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5. EXPERIMENTAL RESULTS AND 

DISCUSSION 

The data on various bubble parameters were 
obtained from the bubble column test loop for the 
superficial gas velocity ranging from 0.0034 to 0.1212 
m s-‘. For the forced flow test loop the superficial 
liquid velocity was varied from 0.1 to 1 m s-’ with the 
superficial gas velocity of 0.0675 m SC’. Typical void 
fraction profiles obtained in the bubble column are 
presented in Fig. 4, where the void fraction measure- 
ments from both the tip and rear sensors are shown. 
Here the non-dimensional distance from the wall is 

0B5 = Tlp Sumor Data 
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FIG. 4. Comparison of void fraction measurement from 
the tip and rear sensor of a double probe for: (a) j, = 
0.0060 m SK’ ; (b) j8 = 0.0525 m SK’ ; (c) j, = 0.1212 m SK’. 

defined as the ratio between the distance of the tip 
sensor from the pipe wall and the radius of the pipe 
(r/d). From these figures it is clear that some bubbles 
that hit the tip sensor do not hit the rear sensor. This 
occurs due to the finite distance between the tip and 
rear sensor. Also at low gas injection rates fewer 
bubbles hit both the sensors. Since for the interface 
velocity measurement the transit time of the interface 
between the tip and rear sensor is required, it is essen- 
tial that longer data sampling time is necessary for 
low gas flow rates to get enough velocity measure- 
ments. For the local void fraction measurement either 
tip or rear sensor data were independently adequate 
as shown in Fig. 4. 

The measured profiles of the local void fraction at 
various gas injection rates are shown in Fig. 5. The 
void fraction values are nearly constant in the radial 
directions except near the wall where these values 
decrease toward zero at the wall. However, in some 
cases a local peaking of the void fraction can be 
observed near the wall. In order to validate the double 
probe data comparisons with other global measure- 
ment methods were made. For this purpose the differ- 
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FIG. 5. (a) Radial void fraction profiles for different gas 
injection rates. (b) Comparison of average void fraction 
obtained from double resistivity probe, differential pressure 

and photographic measurements in bubble column. 
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ential pressure measurement data were utilized. As 
shown in Fig. 5 the void fraction obtained from the 
differential pressure measurement compared very well 
with those obtained from the double sensor probe 
measurement. 

In the measurement of velocity the double sensor 
probe in effect measures the interface velocity. The 
mean velocity of the front interface of the bubble is 

taken as the mean axial velocity of the bubble. Here 
it should be noted that for large and non-spherical 
bubbles this assumption may lead to considerable 
error. In the present study the bubbles were of small 
sizes (average diameter < 5 mm) and near spherical 
shape. Data of the mean bubble axial velocity profiles 
are shown in Fig. 6 for various gas injection rates. The 

local velocity profiles show basically the power law 
profile with the maximum at the pipe center at all gas 
injection rates. This mean axial bubble velocity rep- 
resents the most probable axial velocity of the bubble. 
A typical bubble velocity distribution in terms of 
probability density functions are presented in Fig. 6 
at different radial positions. Based on these velocity 
spectra the r.m.s. of the bubble velocity fluctuations 
were obtained. The standard deviations from mean 
axial bubble velocity varied from 0.037 to 0.11 m s -’ 
for the range of the gas superficial velocity studied. 

Figure 6 shows the radial profiles of the r.m.s. of the 
fluctuations in the bubble velocity. The axial fluc- 
tuating component over the mean bubble velocity gen- 
erally increased with an increase in the superficial gas 
velocity except for high gas flow rates (j, = 0.1212 m 
s-l). This occurs probably due to large void frac- 
tion observed at high gas flow rate. At large gas flow 
rates the void fraction was almost 30% as shown in 
Fig. 5. This flow rate corresponds very closely to the 
transition zone from the bubbly to the slug flow 
regime. 

The radial profiles of the bubble chord length are 
presented in Fig. 7. Here the bubble chord length is 
defined as the product of the bubble velocity and the 
bubble transit time through the sensor. Hence it is 
related to the bubble size. The probability density of 
the chord length is related to the bubble diameter 
distribution if the following assumptions are made. 

The bubbles are spherical, all bubbles travel in the 
same direction with the same average velocity, and 
the probe has equal probability to pierce any point 
on the projected frontal area of the bubble. Typical 
bubble chord length distributions in terms of the prob- 
ability density function are shown in Fig. 7. It should 
be noted that the distribution functions and mean 
diameters obtained are the representation of the 
detected bubbles. In terms of the governing equations 
for heat and mass transfer in two-phase flow the inter- 
facial area is more important rather than the bubble 
mean diameter. Hence it would be more convenient 
to use the Sauter mean diameter to define the bubble 
size. The Sauter mean diameter is based on the bubble 
interfacial area and the void fraction as defined later 
in this section. 
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FIG. 6. (a) Radial bubble velocity profiles for different gas 
injection rates. (b) Probability density functions for bubble 
velocity measured with double probe at different radial pos- 
ition for jp = 0.0060 m SC’. (c) Radial profiles of r.m.s. of 
the bubble velocity fluctuation for different gas injection 

rates. 

The local interfacial area concentration ai was cal- 
culated from equations (10) and (11). The r.m.s. of 
the fluctuations of the interface velocity was used to 
calculate the angle CC,, in equation (11). Using this 
angle go, the inverse mean interface velocity and the 
total number of bubbles detected N,, the interfacial 
area concentration ai was calculated from equation 
(10). For the bubbles that miss the rear sensor of the 
double probe the interfacial area concentration was 
calculated using the inverse mean interface velocity 
obtained with the bubbles that hit the tip and rear 
sensors. The radial profiles of local interfacial area 
concentration are shown in Fig. 8 for different gas 
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FIG. 7. (a) Radial profiles of bubble chord length obtained FIG. 8. (a) Radial profiles of interfacial area concentration in 
with probe measurement for different gas injection rates. bubble column for different gas injection rates. (b) Average 
(b) Probability density functions for bubble chord length interfacial area concentration as a function of void fraction 
measured with double probe at different radial position for and comparison of double probe data with photographic 

j, = 0.0060 m s-l. data for bubble column. 

injection rates. It can be seen that the profiles of the 
local interfacial area concentration are almost flat 
except near the wall for low gas injection rates 
(j, < 0.0134 m s-l). At intermediate gas injection 
rates (0.0134 m s-l a& > 0.0525 m s-‘) the values of 
the local interfacial area concentration tend to have a 
saddle shape and reach a maximum near the wall. 
However, for large gas injection rates (j, > 0.1212 m 
s-‘) the profile shows two peaks; one near the wall 
and the other at the centerline. Comparing the local 
void fraction profiles (Fig. 5) and the local interfacial 
area concentration profiles (Fig. 8) it can be seen that 
the void fraction and the interfacial area con- 
centration profiles show similar shapes. This comp- 
lementary nature of the void fraction and the inter- 
facial area concentration profiles was also observed 
by Wang and Kocamustafaogullari [35] in their hori- 
zontal test section. However, the void fraction and 
interfacial area concentration profiles observed by the 
latter authors were different compared to the present 
profiles, where a local maximum was observed near 
the upper side of the horizontal pipe. 

By area averaging the local a, profile, the average 
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interfacial area concentration was obtained. In Fig. 8 
the average interfacial area concentration is shown as 
a function of the average void fraction. The interfacial 
area concentration is strongly affected by the bubble 
sizes, since the surface to volume ratio of a small 
bubble is larger than that of a larger bubble. Fur- 
thermore, when the bubbles are not spherical, this 
ratio also depends on the shape of the bubble at the 
same void fraction. In general the spherical shape 
gives the minimum surface area. 

The Sauter mean diameter D.,, is given by D,, = 

6aJaj. It is also related to the volume mean diam- 
eter D, and the surface mean diameter D, by 
D,, = 0:/D:. Thus the larger the interfacial area, D,, 

becomes smaller. Based on the above relations the 
Sauter mean diameter was calculated. The radial pro- 
files of the Sauter mean radius at various gas fluxes 
and the area averaged Sauter mean diameter are 
shown in Fig. 9. The Sauter mean diameter is based 
on the equivalent interfacial area concentration at the 
same void fraction. 

Photographs of bubble flow were taken at five 
different gas injection rates. The pictures were pro- 
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FIG. 9. (a) Radial profiles of Sauter mean radius of bubbles 
obtained with probe measurement for different gas injection 
rates. (b) Average bubble Sauter mean diameter as a function 
of void fraction and comparison of double probe data with 

photographic data for bubble column. 

jetted on a paper with a slide projector and the pro- 
jections of bubble shapes were traced on the paper. 
The shape of the bubble resembled somewhere 
between ellipsoidal and spherical. In order to estimate 
the surface area and the volume of each bubble, the 
maximum axis length b and the minimum axis length 
a were measured for each bubble in a designated 
volume sample. The surface area of the jth bubble 
was calculated as 

?L 
Aj = -(b-a)(xa+b-a) 

2 

assuming the rotational ellipsoid. The volume of the 
jth bubble was calculated as 

V, = ;ab2. 

From these, void fraction and interfacial area have 
been obtained. From the ergodic theorem [23], the 
volume average of the local time averaged interfacial 
area concentration should be equal to the time average 
of the volume averaged value for a stationary flow. 
The summary of the results of photographic measure- 

ments is shown in Table 2. The average void fractions 
obtained by photographic measurement agree very 
well with that obtained from differential pressure 
measurement (see Fig. 5). Figure 10 shows the com- 
parison of the interfacial area concentration data 
obtained from the photographic measurements with 
those obtained from the double sensor probe method. 

The Sauter mean diameter of bubbles obtained 
from the photographic measurement shows slightly 
smaller values when compared with double sensor 
probe measurement at a void fraction CI > 0.02 (see 
Fig. 9). The discrepancy is expected since, for non- 
spherical bubbles, such as in the present case, the 
evaluation of the photographic images involves 
interpretation of two-dimensional images to three- 
dimensional shapes of particles. The formulas used to 
calculate the volume and surface area of a bubble tend 
to give a larger surface area to volume ratio. Thus 
this may lead to underestimation of the Sauter mean 
diameter and overestimation of interfacial area. But 
the overall agreement between the photographic 
measurements and the double probe measurement of 
average interfacial area concentration (Fig. 8) and the 
averaged void fraction (Table 2) validates the double 
sensor probe measurement techniques. 

Results of the measurements using a double res- 
istivity probe in the forced flow air-water loop are 
shown in Fig. 11. The local void fraction profiles show 
that the void fraction decreases with an increase in the 
liquid flow rate for a given gas injection rate. The void 
fraction near the wall and near the center of the pipe 
is slightly larger than the bulk average. The interfacial 
area concentration shows that the average interfacial 
area concentration decreases with an increase in liquid 
flow rate for the same gas flow rate. A similar 
behavior, namely an increase in the liquid flow rate 
at constant gas how, would decrease the local void 
fraction and the interfacial area concentration was 
also observed by Kataoka and Serizawa [36] and by 
Wang and Kocamustafaogullari [35] in vertical and 
horizontal test sections respectively. Typically the 
average interfacial area concentration values in the 
present forced flow experiments ranged from 70 to 
125 1 mm’ for the superficial liquid velocity from 0.1 
to 1 m SC’ with the superficial gas velocity in the test 
section at 0.0675 m SC’. 

6. CONCLUSIONS 

The survey of the previous works show that very 
few data exist on the local interfacial area con- 
centration for two-phase flow systems. A method of 
measurement of the local interfacial area concen- 
tration using a double sensor resistivity probe has 
been described for the bubbly flow system. This 
method is based on the local instantaneous for- 
mulation of the interfacial area concentration, where 
the time averaged value of the latter parameter is given 
in terms of the number of interfaces per unit time 
and the harmonic mean of ]vij cos c#J,], where vii is the 
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Table 2. Results of photographic measurement 

923 

Average 
void Total No. Total Volume Total Sauter Void Interfacial 

Set jr fraction of surface area mean volume mean fraction area 
No. (cm s-i) a bubbles (cm’) D, (cm) (cm’) D,, (cm) a (cm-‘) 

1 0.277 0.0128 263 65.060 0.280 3.33410 0.307 0.01389 0.271 
2 0.338 0.0156 281 67.015 0.276 3.6079 0.323 0.01529 0.284 
3 1.052 0.0375 295 136.921 0.384 8.616 0.376 0.0368 0.586 
4 2.723 0.0851 350 287.630 0.465 20.198 0.508 0.096 1.132 
5 4.334 0.1321 385 269.908 0.472 27.846 0.619 0.1367 1.325 
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FIG. 10. Comparison of average interfacial area conoentra- 
tion data from photographic and double probe measure- 

ments. 
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FIG. 1 I. (a) Radial profiles of void fraction for bubbly flow 
in forced flow air-water loop for different liquid flow rates 
at jr = 0.0675 m SK’. (b) Radial profiles of interfacial area 
concentration for bubbly flow in forced flow loop for differ- 

ent liquid flow rates at j, = 0.0675 m SK’. 

interfacial velocity of the jth interface and 4, the angle 
between vii and the normal vector of the jth interface. 
By assuming certain statistical characteristics of the 
interfacial motion, an expression for the local inter- 
facial area concentration has been related to measur- 
able quantities from a double sensor probe. 

Details of the double resistivity probe measurement 
method have been presented for a bubbly two-phase 
system including the probe design and the data pro- 
cessing. Applying this double sensor probe to air- 
water bubbly flow in a vertical test section, the radial 
profiles of the void fraction, bubble velocity, bubble 
chord length and interfacial area concentration have 
been obtained for different gas injection rates with 
negligible liquid flow. In order to validate the double 
sensor probe data, two independent global measure- 
ment methods, namely, differential pressure and 
photographic methods were employed. A good agree- 
ment was found between the global measurements 
and the double sensor probe measurement of the 
average void fraction, average interfacial area con- 
centration and Sauter mean diameter of bubbles. 

The results of the radial void fraction profiles 
showed that the void fraction values were nearly con- 
stant in the radial direction except near the wall where 
these values decreased toward zero at the wall. How- 
ever, for large gas flow rates a local peaking of the 
void fraction was observed near the wall. The local 
bubble velocity profiles showed basically a power law 
profile with the maximum at the pipe center. 

The shape of the radial profiles of the interfacial 
area concentration showed dependence on the gas 
injection rate. At low injection rates (j, < 0.0134 m 
s-‘) the profile was almost flat except near the wall 
where it decreased rapidly to zero. At intermediate 
gas injection rates (0.0134 m SK’ a_& 2 0.0525 m S-‘) 

the profile showed a peak near the wall, whereas, at 
large gas injection rates (& > 0.1212 m SC’) the profile 
showed two peaks, one near the wall and the other at 
the centerline. The peaking of interfacial area con- 
centration profiles near the wall complement the void 
fraction profiles for larger gas injection rates 
(j, 2 0.0525 m s-l). This indicates the higher con- 
centration of bubbles near the wall. 

Further experimental study with the double sensor 
probe was conducted in another air-water vertical test 
facility where the effect of liquid flow rate on the 
interfacial area concentration was studied. Some pre- 
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liminary results on the measurement of the interfacial 17. 

area concentration profiles in the forced flow con- 
dition for different liquid flow rates were presented. 18. 
These profiles showed that with an increase in the 
liquid flow rate the average interfacial area con- 
centration decreases at the same gas flow rate. 19. 
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MESURE LOCALE DES AIRES D’INTERFACE DANS UN ECOULEMENT A BULLES 

R&sum&On prtsente les bases thtoriques de la mbthode de mesure des aires d’interface locales moyennes 
dans le temps en utilisant une sonde double. Des don&s experimentales sont present&es pour les profils 
radiaux, a differents debits gazeux, de fraction de vide, de vitesse des bulles, de longueur de corde des bulles 
et d’aire interfaciale. En outre, une information statistique sur les mouvements turbulents des bulles est 
present&e. Chacun des doubles capteurs est. test&. avec la mesure globale de vide en utilisant une pression 
differentielle. Le rtsultat est trts satisfaisant. La fraction de vide moyennee selon l’aire et la concentration 
d’aire interfaciale obtenues par les mesures avec les capteurs doubles se comparent bien avec les mesures 
photographiques. Les resultats montrent que la mithode est precise et convient pour les mesures locales 
d’aire interfaciale et de fraction de vide dans les ecoulements diphasiques a bulles. On presente des resultats 

pour ces icoulements a differents debits de liquide. 

ORTLICHE MESSUNG DER GRENZFLACHE IN EINER BLASENSTMX~UNG 

Zusammenfsssung-Die theoretische Grundlage des Verfahrens zur Messung der zeitlich gemittelten 
Grtlichen Grenzlhiche durch Verwendung einer Doppelsonde wird vorgestellt. MeBergebnisse werden fiir 
die radiale Verteilung des volumetrischen Dampfgehaltes, der Blasengeschwindigkeit, der BlasengriiBe und 
der Konzentration der Grenzfllche bei unterschiedlichen Gasstromdichten mitgeteilt. AuBerdem werden 
einige statistische Informationen iiber turbulente Bewegungen der Blasen gegeben. Jede der Doppelsonden 
wird gegen die globale Dampfgehaltsmessung mittels Differenzdruck tiberpriift. Die Ergebnisse sind sehr 
zufriedenstellend. Femer zeigt der Vergleich des fllichengemittelten Dampfgehaltes und der Grenzfliichen- 
konzentration-einerseits aus der Messung mit den Doppelsonden, andererseits aus fotografischen 
Messungen-eine sehr gute Ubereinstimmung. Die Doppelsondenmethode erweist sich als prlzise und 
zuverllssig fiir ijrtliche Messungen der Grenzfllche und des volumetrischen Dampfgehaltes in einer zwei- 
phasigen Blasenstriimung. AbschlieDend werden einige MeBergebnisse fur Blasenstriimung bei unter- 

schiedlichen Massenstromdichten der Fliissigkeit dargestellt. 

JIOKAJIbHOE H3MEPEHHE IIJIOIIIAAH FPAHIIHbI PA3AEJIA IIPH IIY3bIPbKOBOM 
TE’IEHHH 

AEIIOTa&nHCbIBaeTCK TeOpeTHWCKOe o6ocHoeaHHe MeTOLla ~3bsepe~~n OCpenIieHHOfi no BpeMeHH 

noKanbHoiinno~rpaH~pa3~enacHcnonb3oeaH~e~c~~oe~~0r0naruHKa.~p~~0~n~cr3K3nepH- 

MeHTaJIbHble IlaHHEJe n0 ParpraJlbHbIM IIpO@JW o65e~1ioro napOCOnepxaHHK, CKOpOCTH ABIIKCeHHR 

ny3bIpbKOB,LUlHHe ny3bFpbKOBOti UenO¶KH H KOHIleHTpalUiH MeKN@SHOi-i llJIOWaJJH IlpH pa3JUiWibIX 3Ha- 

qemuix pacxonara3a.llp~~0~TcnTanxce HeKoTop~ecraTHCTwiecrae~aHHbreoTyp6yneHTHoM~Hxce- 

HHH ny3bIpbKOB. nO_eHO y~OBJI~BOpE'IWlbHOe COr,,aCEe pe3yJlbTaTOB H3MepeHHi2 C IIOMOWbIO 

cnBoeHHbIx naTsmon H nammx, omonamib~x Ha onpenenemra jw@zpe~anbHoro naeneHan. KpoMe 
Toro,pe3ynbTaTbl ocpenxieHHor0 no nnonwui o6wsnsoro napOcolwp~aH5in H KoHueHTpaqHsi Menu@- 

HOE nnouww, nonyneHHble np~ 33MepeHmi cnBoeHHbw naTwKow 09eHb xoporuo cornacyroTcn c 

J&UIHblMH I$OTOI'pal@WCKHX E3MepeAHii. nOK;uaHO, ST0 HCnOJIb3OBaHHe CJlBOeHHOrO AaT¶HKa l4aeT 

ToSHueHHa,uewbre pe3ynbTand np~n0~arm~0~H3Mepe.HsisinnouwuinoBepwocrsipa3nenaw 06Wh+ 
uoro napoconepxatnrn npn uy3bxpbrconoM neyx&miord Te-remm. llpencrannem HeaoTopue namiue 

H3MepeHHii KOHUeHTpW%iH MeK@3HOii lIJIOIIIaPEC nOMOIlW0 TZIKOTO &W¶HKaBCJIyYae lQ'3bIpbKOBOrO 

Tegemin npapa3nwH~xsHaveHRnxpacxonarrAMocrH. 


