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ABSTRACT

Advances in the study of two-phase flow increasingly require detailed in­

ternal structure information upon which theoretical models can be formulated. 
The void fraction and interfacial area are two fundamental parameters charac­
terizing the internal structure of two-phase flow. However, little information 

is currently available on these parameters, and it is mostly limited to verti­
cal flow configurations. Particularly, there is virtually no data base for 

the local interfacial area concentration in spite of its necessity in multi­
dimensional two-fluid model analysis.

In view of the above, the internal phase distribution of cocurrent, air- 

water bubbly flow in a 50.3 mm diameter transparent pipeline has been experi­
mentally investigated by using a double-sensor resistivity probe. Liquid and 

gas volumetric superficial velocities ranged from 3.74 to 5.60 m/s and 0.25 to 

1.59 m/s, respectively, and average void fractions ranged from 2.12 to 22.5%. 
The local values of void fractions, interfacial area concentration, mean bubble 

diameter, bubble interface velocity, bubble chord-length and bubble frequency 

distributions were measured.
The experimental results indicate that the void fraction, interfacial area

concentration and bubble frequency have local maxima near the upper pipe wall,

and the profiles tend to flatten with increasing void fraction. The observed

peak void fraction can reach 0.65, the peak interfacial area can go up to 900 
2 3~ 1000 m /m , and the bubble frequency can reach a value of 2200/s. These 

ranges of values have never been reported for vertical bubbly flow. It is 

found that either decreasing the liquid flow rate or increasing the gas flow 

would increase the local void fraction, the interfacial area concentration and 

the bubble frequency.
The axial bubble interface velocity and the Sauter mean diameter profiles 

show a relatively uniform distribution except near the upper pipe wall, where 

a sharp reduction in the velocity and mean diameter occurs. The local bubble 

velocity and the mean diameter generally increases with the gas flow rate.

- iii
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NOMENCLATURE

a. Interfacial area concentrationi
Bo Factor defined in Eq. (42)

C Concentration in liquid phase
★

C^ Concentration of component A at gas-liquid interface
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Da Diffusion coefficient of A in liquid phase
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f(D) Fluid particle size distribution
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jg Superficial volumetric flux for liquid phase

kLA Mass transfer coefficient in liquid phase
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L Distance between two sensor tips

1 Distance a light beam travels through fluid
• II
M^^ Interfacial momentum flux for k'th phase
• II
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1. INTRODUCTION

Two-phase flow is characterized by the existence of the interfaces 

between phases and discontinuities of properties associated with them. The 

internal structures of two-phase flow are classified by two-phase flow 

patterns. Advances in the study of two-phase flow increasingly require 

detailed internal flow structure information upon which theoretical models can 

be formulated. The void fraction and the interfacial area are two fundamental 

geometrical parameters characterizing the internal structure of two-phase 

flow. The void fraction represents the phase distributions and is a required 

parameter for hydrodynamic and thermal calculations in various industrial 

processes. On the other hand, the interfacial area describes available area 

for the interfacial transport and is of prime importance in modeling and 

determining the interphase transfer of mass, momentum and energy in steady and 

transient two-phase flows. Therefore, an accurate knowledge of these 

parameters is essential for any two-phase flow analysis. This fact can be 

further substantiated with respect to the mathematical formulation of 

two-phase flow.

In order to analyze the thermal-hydraulic behavior of two-phase flow, 

various formulations, such as the homogeneous flow model, drift-flux model 

[1-4], and two-fluid model [5-13], have been proposed. As suggested by Ishii 

and Kocamustafaogullari [14], among these models, the two-fluid formulation 

can be considered the most accurate model because of its detailed treatment of 

the two-phase interactions at the interface. As it is briefly described 

below, in such a model, the knowledge of the interfacial area is indispensible 

and must be incorporated into the model as part of the constitutive equations.

The two-fluid model is formulated by considering each phase separately in 

terms of two sets of conservation equations which govern the balance of mass,
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momentum, and energy of each phase. These balance equations represent the 

macroscopic fields of each phase and are obtained from proper averaging 

methods. Since the macroscopic fields of each phase are not independent of 

the other phase, the phase interaction terms which couple the transport of 

mass, momentum, and energy of each phase appear in the field equations. It is 

expected that the two-fluid model can predict mechanical and thermal nonequi­

librium between phases accurately. However, it is noted that the interfacial 

transfer terms should be modeled accurately for the two-fluid model to be 

useful.

The difficulties arise in modeling the interfacial terms since the 

complicated transfer mechanisms at the interfaces are coupled with the motion 

and geometry of the interfaces. Furthermore, the closure relations should be 

modeled by macroscopic variables based on proper averaging. A 

three-dimensional two-fluid model has been obtained by using temporal or 

statistical averaging, Ishii [5]. For most practical applications, the model 

developed by Ishii can be arranged in the following forms:

Continuity Equation

(akpkvk) = ai mki k = f and g (1)

Momentum Equation

k = f and g (2)
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Enthalpy Energy Equation

8akpkhk
at + V * ^akpkhkvk^ =: _,i7 * ak ^qk + c,k ^ ^ akFk k k k Dt pk

•It * II
+ $k 4- a^ + ) k = f and g (3)

II II II
where q^., and §k are the interfacial mass flux, generalized

interfacial momentum flux or generalized interfacial drag force per unit of

interfacial area, interfacial shear stress, interfacial heat flux, and

dissipation, respectively. The subscript k denotes the k'th phase, and i

stands for the value at the interface. ak, pk> vk, pk and hk denote the void

fraction, density, velocity, pressure and specific enthalpy of the k'th phase, 
t ’" *" twhereas t^, Tk, qk> qk and g stand for average viscous stress, turbulent 

stress, mean conduction heat flux, turbulent heat flux and acceleration due to 

gravity, h is the enthalpy of k'th phase at the interface; thus, it may
K "1

be assumed to be the saturation enthalpy for most cases. Finally, a^ 

denotes the interfacial area concentration. It is the interfacial area per 

unit mixture volume. Thus,

Interfacial Area
q — ------------------------------------------------------

i Mixture Volume (4)

The above field equations indicate that several interfacial transfer 

terms appear on the right-hand sides of the equations. Since these inter­

facial transfer terms also should obey the balance laws at the interface, 

interfacial transfer conditions could be obtained from an average of the local 

interfacial conditions, [5]. They are given by

• II
l "Vi = 0 
k K1
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In view of the above two-fluid model formulation, it is evident that the 

interfacial transfer terms appearing on the right-hand side of Eqs. (1) - (3) 

are all expressed as the product of the interfacial area concentration and the 

flux terms identifying the interfacial mass, momentum and energy transports, 

respectively. It is essential to make a conceptual distinction between the 

effects of these two parameters. As demonstrated by Ishii [5] and further 

detailed by Ishii and Kocamustafaogullari [14] and Ishii et al. [15], the 

interfacial flux terms characterize the local transport mechanisms such as the 

turbulence molecular transport properties and can be related to the respective 

potentials. On the other hand, the local interfacial area concentration is 

related to the interfacial structure of the two-phase flow fields and should 

be specified by a constitutive equation, or by introducing an additional 

transport equation. As the above formulation indicates, the knowledge of the 

local interfacial area concentration is essential for a detailed analysis and 

prediction of the behavior of a two-phase flow system.

However, the knowledge of the interfacial area concentration is quite 

limited due to considerable difficulties in experimental measurements. 

Particularly, there is little knowledge on the local interfacial area 

concentration in spite of its necessity in two or three-dimensional analyses. 

Most of the experimental data are limited to volume averaged interfacial area 

concentration over a section of a flow channel. There are very few data 

available on local measurement of interfacial area concentration.

Furthermore, according to the authors' knowledge, there has been no



experimental data available on the local distribution of interfacial area 

concentration in horizontal two-phase flow systems. In view of this, the 

local interfacial area concentration has been studied experimentally by using 

the double-sensor resistivity probe. The results of the double-sensor 

resistivity probe measurement in a horizontal air-water, bubbly, two-phase 

flow are presented here. In addition to the local interfacial area 

measurements, other characteristic interfacial parameters such as

• local void fraction profile,

• local interfacial velocity profile,

• local bubble chord-length and bubble size distribution, and

• local bubble frequency distribution

have also been studied experimentally, and the results are documented. 

Furthermore, the dependence of the local parameters listed above on other flow 

variables are demonstrated.

2. INTERFACIAL AREA MEASUREMENT METHODS

Several methods are available at present to measure interfacial area 

concentrations in gas-liquid and liquid-liquid two-phase flows. These are 

photography, light attenuation, ultrasonic, probing and chemical methods. 

Detailed reviews of all these methods have been given by Veteau and Morel 

[16], Veteau and Chariot [17,18], Veteau [19] and Ishii and Mishima [9]. In 

what follows, we shall briefly describe the principles of the measurement 

methods and discuss the advantages and limitations of each method.

In this technique, 

absorption experiments, 

characteristics of both

2.1 Chemical Method

integral values of interfacial areas are obtained by 

This requires knowledge of gas solubility, dispersion 

phases, and either mass transfer coefficient in the
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case of physical absorption or diffusivity and reaction rate constants in the 

case of chemical absorption. Many chemical systems have been proposed for 

determination of interfacial areas by the chemical method, including 

non-aqueous systems. A suitable reaction has to be chosen carefully, as the 

result may be specific to the system used, the properties of which can hardly 

be varied. The value of the interfacial area concentration obtained thus is 

usually referred to as "effective interfacial area" indicating that it may 

deviate from the geometrical interfacial area and depends strongly on the 

particular conditions employed.

Several factors have to be considered when choosing a chemical reaction 

for measuring interfacial areas if the results are to be free of excessive 

error. The systems useful for such measurements have been reviewed by Sharma 

and Danckwerts [20]. The topic has been dealt with in the literature [20-47] 

and will be discussed here only to the extent directly relevant to the 

measurement principles.

For an irreversible reaction of a gas phase component A with a liquid 

phase reactant B

(8)A B -» Products

which is of order m, n in A and B, respectively. An approximate expression 

for the enhancement factor is given by Danckwerts [20] as

E =
/M [(E. - E)/(E. - l)]n/2

(9)
tanh {/M [(E. - E)/(E, - l)]n/2

where

(10)
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(11)

and

(12)

In these equations, is the stoichiometric factor, RA is the rate of

absorption of gas A per unit volume of the gas-liquid two-phase mixture,

is the mass transfer coefficient of A in the liquid phase, __ is themn
reaction rate constant, and and Dg are the diffusion coefficients of A 

and B, respectively. Cg is the concentration of the component B in the bulk

of the liquid phase, whereas CA is the concentration of A at the 

gas-liquid interface which is assumed to be equal to the equilibrium 

concentration of A in the bulk liquid phase.

A pseudo-m'th, n'th order reaction is approximated when /M « . In

this case, Eq. (9) can be approximated by

E = /l + M (13)

For purposes of measuring interfacial areas, only fast reactions which are 

characterized by

1 « /M « E. (14)

are relevant. In such cases, Eq. (13) can, in turn, be approximated by

E = /M (15)

Substituting E and M from Eqs. (10) and (12), respectively, the following 

equation is obtained for the rate of absorption of A in an irreversible, fast 

m'th, n'th, order reaction:
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Equation (16) states that the absorption rate is independent of 

k^A—that is of the hydrodynamic conditions. Instead, it is governed by the 

physiochemical parameters, reactant concentration and the area of contact 

surface. For the type of reaction so far discussed, the means to influence 

the values of M and E^, in order to justify the inequality expressed by Eq. 

(14) to be valid, are rather limited.

In principle, selecting a suitable chemical reaction confirming Eq. (14) 

and measuring the absorption rate, R^, the local interfacial area 

concentration, a^, can be evaluated directly from Eq. (16) provided that the 

physiochemical parameters appearing in the right-hand side bracket are known. 

Thus, knowledge of reaction kinetics, solubility of gas-phase component A, the 

diffusion coefficient of A in the liquid-phase B, and, finally, the 

experimental capability of measuring the local rate of absorption are required 

for determining a^ from Eq. (16). While the chemical systems confirming Eq. 

(14) for such measurements have been reviewed by Sharma and Danckwerts [21], 

in principal it is extremely difficult, if not impossible, to measure the 

local rate of absorption. Therefore, instead of the local interfacial area 

measurements, in practice an averaged interfacial area concentration is 

obtained in terms of measurable quantities by incorporating Eq. (16) into a 

molar balance on the liquid phase over the total volume of the test section 

used in the experiment. Since the average of a product differs from the 

product of the averages, the interfacial area concentration obtained from the 

integral of Eq. (16) would be considered as an "effective interfacial area 

concentration" instead of the actual volume-averaged interfacial area 

concentration. If the fast reaction condition expressed by Eq. (14) is not



fulfilled and the absorption takes place at the transition from slow to fast 

reaction regime, absorption measurements at different reaction rates must be 

carried out. In this case, the interfacial area concentration is obtained 

from the so-called Danckwerts plot [21].

Based on the above principle, many chemical systems have been proposed 

for determination of effective interfacial areas by using the chemical method 

[20-47]. The relevant literature have been recently reviewed by DeJesus and 

Kawaji [48]. It has been observed by Schumpe and Deckwer [34,35] that in the 

pseudo-homogeneous flow regimes, the values of the interfacial area determined 

by the photographic method were greater than those obtained by the chemical 

method by about 35%. However, in the heterogeneous flow regime the values 

obtained by the photographic method were twice as high as those obtained by 

the chemical method. They have also observed that two different chemical 

methods yielded largely different values, even under similar conditions. This 

may be due to the fact that the effective area is evaluated on the basis of 

simplified reactor models which do not account for the mixing phenomena of the 

gas phase. Bubble shrinkage due to absorption is also neglected. They have, 

however, also shown that this discrepancy can be reduced greatly by accounting 

for bubble shrinkage and hydrostatic head. Deviation between the effective 

interfacial area determined by chemical methods and the geometrical 

interfacial area is largely dependent on the properties of the reaction system 

such as rate constant, diffusivity and solubility, the operating conditions, 

bubble size, and bubble size distribution.

It can be seen that even though the chemical method is a common technique 

for determination of interfacial area, systematic investigation of the effects 

of the liquid phase properties on the interfacial area is extremely 

difficult. It is also difficult to measure the local rates of absorption.
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The method seems to be highly dependent on the reaction chosen and also the 

geometry of the reactor. Depending on the application, a suitable reaction 

has to be chosen with great care, and the experiments can be time consuming. 

The results are not suitable for obtaining information of a more general 

nature, as the results are specific to the property of the system. It seems, 

however, to be the only method which does not require verification by any 

other kind of measurement, and yields an overall value of the interfacial 

area from a single measurement.

2.2 Photographic Method

The photographic method has been used innovatively in the two-phase flow 

measurements of various parameters. This method involves, first, the 

determination of the mean particle diameter of the dispersion which could be 

either a droplet or a bubble. The specific interfacial area is then 

calculated from the relation:

where D is the Sauter mean diameter, sm

The above relation gives good results for the case of spherical bubbles. 

However, for non-spherical bubbles, the projected area and the perimeter for 

each bubble under consideration is to be obtained. Hence, in this case two 

Sauter mean diameters are obtained, one based on the projected area and the 

other based on the perimeter. The shape factor is then calculated based on 

the ratio of the perimeter of the projected non-spherical bubble to that of 

the spherical bubble having the same projected area. With this information 

the interfacial area in the case of non-spherical bubbles can be obtained.
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The photographic method seems to be a very expensive method. Rapid 

advances have been made in terms of the availability of equipment including 

sophistication combined with ease of use. These advances include the 

high-speed movie camera and the high-speed video camera. High-speed movie 

cameras offer the advantage of a better resolution at a considerably lower

cost than a video camera. But it has a disadvantage in that it needs an

additional digitizer or a projector for analysis. Instant analysis is also 

not possible due to the time involved in film processing. Speeds up to 60,000 

frames per second are available in these types of cameras. The video cameras 

have an advantage in that there is no processing time and, hence, the results 

can be analyzed almost instantaneously. But the tremendous cost involved, 

which can be almost four times that of a movie camera, offsets this advantage 

on most occasions. The resolution also leaves much to be desired.

It is, however, to be borne in mind that it becomes absolutely necessary 

to conduct experiments in transparent sections in order to enable us to use 

the photographic method. Photographs taken through a transparent wall are 

representative of the conditions at the focal point and may not be

representative of those over the entire cross section. This section of the

experimental setup must be carefully chosen to minimize the effects of 

refraction and reflection, as they could have disastrous effects on the end 

results. It also appears that selection of the lighting equipment is 

something of a trial and error process before yielding photographs of the 

right quality. Analysis of photographs can be very tedious, time consuming, 

and at times even subjective. It also seems unlikely that a large body of 

data can be generated by this method.

Studies on the determination of the interfacial area by the photographic 

method have been conducted by various investigators [18,25,34,49-56]. Burgess

- 11



and Calderbank [52] have shown that the photographic method yields interfacial 

areas which are more than twice those obtained by other methods. Kawecki et 

al. [53]. applied the photographic technique so that a continuous stream of 

the liquid and dispersed gas was withdrawn from the apparatus into a 

translucent rectangular chamber, and photographs were taken through the 

chamber wall. As pointed out by Reith [54], however, the procedure cannot be 

used with higher gas void fractions because of coalescence of bubbles during 

transfer from the apparatus into the chamber. Instead of photographing 

through the wall, a special probe can be placed inside the vessel as suggested 

by Weiss and Ziegel [55]. Only small volumes can be sampled by such a device 

and, also, especially at higher gas void fractions, the alteration of the flow 

conditions by the probe can lead to non-representative results. Landau et al. 

[25] used diffused side lighting for the photographs. Information regarding 

bubble size and shape was obtained from photographs with the aid of a 

digitizer. Bubble contours were traced with a stylus on an enlarged print 

placed on the digitizer. They obtained two Sauter mean diameters, one based 

on the perimeter and the other based on the projected area. In addition, 

Landau et al. [25] have shown that the photographic technique, when 

applicable, can be used in combination with a suitable means for photographic 

analysis to provide additional information on the dispersion, such as mean 

bubble diameter, bubble size distribution and shape factor.

Gunn and Doori [56] have compared the photographic method and the 

electrical probe method to study bubbles in a fluidized bed. A 16 mm cine 

camera was used at a film speed of 24 frames per second. A digitizer was used 

by them, as by most other investigators, for analysis. They have studied the 

volumetric bubble flow rate, the mean equivalent diameter, the bubble velocity 

and the effects bubble orientation near a probe. They, in fact, compared the
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bubble measurements by the optical and electrical methods with very good 

results.

2.3 Light Attenuation Method

The method of light attenuation to measure the interfacial area was first 

used by Vermeulen et al. [57] and later by Calderbank [58]. The theory for 

the attenuation of a light beam passing through dispersion is well established 

[18,58-63].

In this method, a narrow beam of light travels through the fluid 

containing bubbles or drops, and the intensity, I, of the beam leaving the 

fluid is measured with a photoelectric detector such as a photodiode or 

photomultiplier. The access to the detector is carefully collimated to be in 

line with the original beam. When the beam passes through a droplet or 

bubble, it is scattered, and this leads to a reduction in the intensity 

received, as compared to the intensity Iq received in the absence of the 

bubbles or drops. I is related to Iq through the classical photo-extinction 

law by

= exp (- (31) (18)
o

where a is the distance the light beam travels through the fluid, and 13 is 

the attenuation coefficient.

There are three basic assumptions in evaluating the attenuation 

coefficient 13. They are as follows:

1. There is no interaction between the scattering of bubbles or

droplets. This condition can be met for dispersed two-phase flow of 

volumetric concentration less than ten percent composed of small 

fluid particles randomly spaced and separated by several fluid 

particle diameters.
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2. The dispersed phase should be limited to spherical fluid particles. 

There are great differences in the scattering behavior of spherical 

and non-spherical fluid particles. Thus, the solution for scattering 

cross sections presently available for spherical fluid particles is a 

rather poor approximation of the total scattering cross section for 

large diameter non-spherical fluid particles.

3. Finally, it is assumed that there are no effects of forward 

scattering.

In view of the above assumptions, the attenuation coefficient is 

expressed as

0013 = f J D2f(D) Sapp(2irD/\) dD (19)

where n is the fluid particle number density, D is the fluid particle

diameter, f(D) is the particle size distribution, \ is the wave length, and

S is the apparent scattering coefficient, app

Noting that the interfacial area concentration can be expressed by 

00a. = f11 J D r(D) dD (20)
1 ^ 0

from Eqs. (19) and (20), n can be eliminated to obtain a relation between (3 

and a.. Thus,

J D f(D) S (2ird/\) dD
1, 0 app

J D2f(D) dD 
0

In general, the apparent scattering coefficient depends on the real 

scattering coefficient, (2irD/\), and the geometry of the actual
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experimental apparatus. To determine the scattering coefficient, the 

normalized extinction cross section which consists of scattering and 

absorption cross-sections are used. Neglecting the absorption cross section 

with respect to the scattering cross-section, Stravs and von Stockar [64] 

showed that

Sapp(2irD/\) = Sn(2irDA) (22)

The theoretical expression of Sn for an air bubble in water was derived by

Marston et al. [65]. Stravs and von Stockar [64] showed that for a

sufficiently large spherical gas bubble, the scattering coefficient rapidly

approaches its final value of 2 with increasing values of (2irDA). This

means the bubble removes an amount of energy from the incident light beam as

if it were a completely absorbing disc of twice its projection area. In

reality, one-half of this energy is reflected backwards, whereas the other

half is diffracted forward around the bubble. Furthermore, as shown by Stravs

and von Stockar [64] with light, where 2irDA > 700, the diffracted energy

is confined in such a narrow angle that under normal measuring conditions, it

will be measured together with non-disturbed parallel light. This reduces the

apparent scattering coefficient S to 1. Thus,app

S = S * 1.0 app n

With Eq. (23), Eq. (21) reduces to

(23)

(24)

indicating that the attenuation coefficient (3 is equal to one-fourth of the 

interfacial area concentrations, which is four times larger than the 

projection area of the bubble size distribution. Furthermore, combining Eq.
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(24) with the photo-extinction law expressed by Eq. (18) leads to the

following equation [58-60]:

I = Io exp (- a^a./4) (25)

In principle, measuring I, I0 and 8,, Eq. (25) allows the 

line-averaged interfacial area concentration, a^. However, it is important 

to note here that in arriving at Eq. (25) a series of assumptions have been 

made regarding the interaction between scattering of fluid particles, the 

particle shape, the effects of forward scattering, and the particle size D in 

relation to the wavelength These assumptions limit the applicability of 

the light attenuation technique to optically dilute, transparent, dispersed 

two-phase flow with a volumetric concentration of less than a few percent.

The method becomes inaccurate as the bubble or droplet concentration increases. 

In fact, Eq. (25) has been extensively tested [66] and found to hold only

up to

(26)

Above this value multiple scattering becomes important. This severe 

limitation of the light attenuation technique has evidently prevented its 

widespread use in dispersed two-phase flow. For example, Ohba and Itoh [62] 

showed a thousandfold attenuation in intensity for bubbly two-phase flow at a 

void fraction of about 30%. This implies a considerable number of 

inaccuracies in the measurements of the interfacial area concentrations at a 

void fraction of this magnitude and higher, although the method can be 

effectively used at lower void fractions of less than 10%. Evidently, the 

method cannot be applicable for horizontal, bubbly, two-phase flow, where the
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local void fraction toward the top of the pipe may reach as high as 60 ~ 65% 

corresponding to the maximum packing condition.

2.4 Ultrasonic Attenuation Method

For bubbly flows, the ultrasonic attenuation method as described by

Stravs and von Stockar [64], Jones et al. [67], Delhaye [68] and Bensler et

al. [69] looks promising because of its simplicity and versatility. It

compares fairly well with the photographic method and the light attenuation

method at relatively low void fractions.

The interfacial area measurement by this method is based on the principle

of energy attenuation as described in the preceding section. For the

ultrasonic attenuation method measurements, a plane wave of ultrasound pulse

is used instead of the visible light beam. As shown by Stravs and von Stockar

[64], Eqs. (18) through (22) are valid in this technique, too. However, in

the case of ultrasonic pulse attenuations, S varies with the bubble size,n
and the theoretical expression of S for an air bubble in water has beenn
given by Nishi [70]. With a known value of Sn as a function of the 

dimensionless size parameter 2irD/\, the interfacial area concentration can 

be calculated from Eqs. (21) and (22) as follows:

CO

J D2f(D) dD

a. = 46 -------- ---------------------------  (27)
1 CO x '

; D2f(D) S (2irD/\) dD 
0 n

It is evident from Eq. (27) that one must know the bubble size 

distribution f(D) in order to calculate a., from the measured value of 6 from 

Eq. (18). However, the bubble size distributions are generally difficult to 

obtain, whereas the Sauter mean diameter D may be found by a simultaneous
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measurement of the void fraction a and the interfacial area concentration 

a., through Eq. (17). Thus,

D sm
6a (28)

Stravs and von Stockar [64] used simulated size distribution f(D) over a

frequency range from 1 to 5 MHz to show that the attenuation coefficient 13

calculated from Eq. (19) was in the worst case only 3% greater than a (3 value

based on D :sm

B* = (f11) Sn(2irDsm/X) / D2f(D) dD = (^-) Sn(2irDsm/\) (29)

B is approximated by B*. Thus,

13 * ^ V2"DsmA> (30)

which can be rearranged to solve for a. as 

_ 4B _ 4B
3i ~ S (2irD /X) “ S (1 2ira/a .X) (31

n' sm n i

From Eqs. (31) and (28), it follows that by knowing the local Sauter mean

diameter, D , or the local void fraction, a, one may determine thesm

interfacial area concentration, a^, from the measured attenuation 

coefficient, (3, from Eq. (18).

Stravs and von Stockar [64] reported experimental results showing that 

for gas-liquid dispersions the interfacial area concentrations determined with 

the ultrasonic pulse attenuation method differed from those determined with 

the light attenuation method by approximately 5%. Bensler et al. [67] 

indicated that the ultrasonic pulse attenuation method compared fairly well
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with the photographic technique in the determination of specific interfacial 

areas in bubbly two-phase flows with a low void fraction.

As in the case of the light attenuation method, the ultrasonic pulse 

attenuation method has a limited success at relatively low void fractions. At 

high void fractions, the scattering and refraction at multiple interfaces 

becomes a very serious problem. Since the measurements of interfacial areas 

by the ultrasonic attenuation method can be made for non-transparent fluids in 

an opague flow channel where measurements by the light transmissions method 

fails, this method appears to be a powerful new technique over the light 

tenuation technique for measuring the interfacial area in bubbly two-phase 

flow.

2.5 Summary and Concluding Remarks

The chemical absorption method is the most widely used technique and is 

applicable to all two-phase flow patterns. The value of the interfacial area 

is obtained by sampling and chemical analysis of concentrations. It is a 

global measurement over a certain length of a flow channel. Therefore, it 

does not give detailed local information on the interfacial area 

concentration. It is limited to steady-state flow without phase change. The 

experimental setup is cumbersome and time consuming. Furthermore, the errors 

associated with this method may be large depending on the experimental 

conditions.

The photographic method is applicable to relatively low concentration, 

dispersed two-phase flow. It involves the actual measurement of the fluid 

particle size from pictures of the flow. The combination of the fluid 

particle size and information on the void fraction yields the interfacial 

area. The method can be used for the case where the phase change occurs. 

However, it requires a transparent test section. Analysis of photographs may
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be very time consuming and highly expensive and even subjective in nature. 

The method seems to be useful when used in conjunction with other methods to 

provide additional information on the dispersion.

As in the case of the photographic method, the light attenuation method 

requires a flow channel with transparent walls. Basically, the attenuation of 

a visible light beam crossing a two-phase mixture is measured; and, relating 

the attenuation to the concentration of fluid particles, the interfacial area 

is calculated. In this method the fluid particle size should be larger than 

the incident wavelength, and multiple reflections reaching the detector should 

be negligible. These assumptions limit the light attenuation method to an 

optically dilute, transparent, dispersed, two-phase flow with a volumetric 

concentration of less than a few percent. The method becomes inaccurate as 

the bubble or droplet concentration increases.

For bubbly flows the ultrasonic attenuation method is a relatively new 

technique for interfacial area measurements. It involves the measurement of 

pulse amplitude attenuation of an ultrasonic beam coupled with a sound 

scattering theory for calculating the interfacial area concentration.

Although the photographic and the light attenuation methods can not be used 

with opaque channel walls and are limited to transparent fluids, the 

ultrasonic technique is not restricted to such conditions. However, presently 

it can be used only for relatively low void fractions.

In conclusion, the presently available methods summarized above for 

measuring the interfacial area concentration are effective for certain 

idealized cases. Only an average interfacial area can be measured by the 

chemical absorption method. The photographic and light attenuation methods 

cannot be used with opaque walls and are limited to transparent bubbly flows. 

The ultrasonic method is not restricted to such conditions, and thus expands
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the measurement of the interfacial area concentration beyond the presently 

available range of fluids and non-opaque systems. However, the ultrasonic 

attenuation method is limited to low void fraction bubbly systems. In view of 

the intention of the present investigation to measure local interfacial 

variables in a horizontal bubbly two-phase flow with local void fractions 

possibly ranging from zero to 60 ~ 65%, it is inevitable that a probe method 

must be used. An evaluation of potential probe methods resulted in the 

selection of the electrical resistivity probe because of the relatively simple 

instrumentation and the positive results for conducting liquids reported in 

the literature.

3. DOUBLE-SENSOR RESISTIVITY PROBE METHOD

3.1 Measurement Principle

The electrical resistivity probe method was first proposed by Neal and 

Bankoff [71] for the determination of bubble size and velocity in vertical 

bubbly flows. Since then the double-sensor resistivity probe has been used by 

Park et al. [72], Rigby et al. [73] for the determination of bubble parameters 

in three-phase fluidized beds, by Hoffer and Resnick [74] for steady- and 

unsteady-state measurements in liquid-liquid dispersions, by Burgess and 

Calderbank [52] for measurement of bubble parameters in single-bubbly flow, by 

Serizawa et al. [75], Herringe and Davis [76], for the study of structural 

parameters as well as of structural development of gas-liquid bubbly flows, 

and by Veteau [19] for the measurement of local interfacial area concentration.

In principle, this method consists of the instantaneous measurement of 

local electrical resistivity in the two-phase mixture by means of a sensor 

electrode. In an air-water flow the air can be considered as electrically 

insulating, whereas water is electrically conducting. When the sensor is in
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contact with the liquid, the circuit is closed. On the other hand, when it is

in contact with a bubble, the circuit will open. Since the circuit is open or

closed depending on whether the sensor is in contact with gas or liquid, the

voltage drop across a sensor fluctuates between a V . and a V .In the

case of a double-sensor probe method, each sensor and return electrodes are

connected to their own measuring circuits and, therefore, each sensor is used

independently as a phase identifying device. Furthermore, from the timing of

the shift in the voltage between V . and V , the time when themin max

gas-liquid interface passes the sensor can be recorded. Therefore, two pieces 

of parallel and independent information related to the phase identification 

and the passing time of the gas-liquid interface are obtained. A typical time 

history record of signals from a double-sensor electrical resistivity probe in 

bubbly flow is illustrated in Figure 3.1.

As seen from the figure, the signals deviate from the ideal two-state 

square wave signals. This deviation is largely due to the finite size of the 

sensor and the possible deformation of the interface before the sensor enters 

from one phase to the other. The trailing edges are generally steeper than 

the leading edges. This difference is probably due to the wetting of the 

sensor by the residual liquid when the sensor is in the gas phase. In order 

to condition the voltage output to ideal 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 void fraction and 

by comparing the data with other reference measurement methods. In the 

present study, the threshold voltage is determined by a calibration procedure 

by comparing the average void fraction measured by the quick-closing valve 

technique and the integrated value of the local void fraction over the pipe 

cross-section.
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3.2 Double-Sensor Resistivity Probe Design and Signal Processing 

A typical double-sensor resistivity probe is shown in Figure 3.2. It

consists of two identical stainless steel wire sensors of 0.25 mm in 

diameter. Their tips are 2.5 mm apart from each other. They are completely 

insulated from the environment except at their tips. The tips are sharpened 

to a fine needle point to prevent deformation of bubbles on impact with the 

sensors. The two sensors are placed next to each other but insulated from 

each other. The body which holds the sensor acts as the return electrode. 

These two sensors are welded onto gold plated wires of 0.8 mm diameter. The 

complete assembly fits into a probe holder from which coaxial cables run to 

the electronic circuit. The coaxial cables are used to minimize noise in the 

signals. The electronic circuit uses a 4.5 V DC power supply. Variable 

resistors are used to enable adjustment of the maximum and minimum voltage 

signals.

It was found that the proper distance, L, between two sensors was 

critical for analyzing the experimental data. Preliminary experiments were 

conducted to determine a proper distance between two probe tips. The distance 

was dictated by possible bubble size and bubble velocity. It was decided that

2.5 mm was the appropriate separation distance for the horizontal flow. It is 

to be noted that a very small distance results in inaccuracies in time dura­

tion measurements, since it requires very high sampling frequencies or very 

small bubble velocities. During the present experiments a sampling rate of 20 

kHz was used. On the other hand, if the distance is too large, then there is 

a strong possibility of misinterpretation of signals since multibubble contact 

may occur between two signals originating from the same bubble. Even though 

most investigators in the past have used a distance of 5 mm or higher in their 

vertical bubbly flow experiments, it was found that 5 mm was too large for the
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horizontal two-phase flow experiments, since maximum packing of bubbles almost 

always occurs toward the top of the pipe, which requires a smaller separation 

distance.

As illustrated in Figure 3.1, the experimental data was obtained in the 

form of a voltage signal as a function of time from the front and rear sensors 

of a probe. The correct interpretation of data involves identification of gas 

and liquid phases. The first step is to set a threshold voltage at which the 

signal representing the beginning of the gas phase for an isolated bubble can 

be identified. Earlier investigators of the resistivity probe have different 

methods to set the threshold voltage. For example, Serizawa et al. [75] used 

a preset threshold voltage to transfer the probe signals into square wave 

signals, and the same threshold voltage was used throughout the experiments. 

However, in the present study it was observed that the threshold voltage level 

may drift during the experiments due to the probe contamination. This 

difficulty was overcome by dividing the data into several blocks within the 

total sampling time domain. In principle, the threshold voltage, V^, and 

the slope, dV/dt, were used together in the present investigation to 

distinguish the phases. A linear programming method was developed to reach a 

desired convergence.

Initially the maximum and minimum voltages for each data block for each 

sensor were determined. The threshold voltage was then determined by

VT = B (V - V . ) + V .| o max min' mm (32)

where 0 < B <1. Since the values of V and V . were fixed for each ~ o - max mm

data block, it is the variation in the value of Bq that results in a varying 

threshold voltage.
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As an isolated bubble contacts the previously wetted probe, output signals

increase from the value of a near V . to a near V , and decreasemin max

abruptly to the value of V . as the bubble moves away. Identification ofmin
such a bubble is straightforward. However, for closely compacted bubbles that 

are observed in a horizontal bubbly flow, the time duration of the liquid 

phase contacting a probe sensor is very short. Hence, before the sensor tip 

becomes totally wet, it could be in contact with another bubble. In this case 

the voltage signal varies between a local minimum above the threshold voltage 

and the gas level. To identify such a bubble the threshold voltage and slope 

of the signal were used in combination for distinguishing phases.

The slope corresponding to a value

(V - V . ) B v max mm/ o
E

dV
dt (33)

was used as a criterion. A value of E=12 was found to give the best result 

for our case. When the sensor output signal reaches a local minimum value 

above the threshold voltage and the absolute value of the local slope at the 

neighborhood of this point is greater than the criterion, this point is 

treated as the commencement of the gas phase. The time duration in which the 

sensor is in the gas phase is used to determine the local void fraction. The 

local void fraction obtained in different locations is then integrated over 

the entire cross section to obtain the average void fraction.

After the determination of the phase, the next step is the identification 

of signals originating from the same bubble. In this case, the right 

selection of two closely corresponding signals from each sensor is important, 

since two signals detected by both front and rear sensors do not always 

correspond to the same bubble, and the residence time intervals of gas or
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liquid phase at the sensors are not exactly the same. The signal validation 

was made by judging whether the following series of conditions are satisfied:

1. For a forward motion of the bubbles, the front sensor signal rises or 

falls before the rear sensor signal does. Therefore, referring to Figure 3.1, 

the condition is given by

tf (2j -1) < tf(2j) and tr(2j-l) < tr(2j); J=1.......... N (34

where f and r, respectively, denote the front and rear sensors, t^j is 

the time the front and rear sensor tips enter into the bubble, and t^^ is 

the time sensor tips enter into the liquid phase. N is the number of bubbles 

passing through a given sensor in the total sampling time T.

2. The residence time of a bubble, i.e., the width of the signals, the 

amplitude and the height above the threshold voltage of the signals for the 

front and rear sensors should be comparable to ensure that the both sensors 

detect the same bubble. Hence, the following conditions should be also 

satisfied:

and

(tf(2j) tf(2j-l)) * (tr(2j) tr(2j-l)); j 1’-'” N

Vf(tf(2j)) ~ Vf(tf(2j-1)) " Vr(tr(2j)) ~ Vr(tr(2j-1)

Vf(tf(2j-1)) VfT " Vr(tr(2j-1)) ~ VrT; j-1’'''' N

(35)

); j=l.......... N (36)

(37)

3. The time difference between the rear and front sensor should be 

limited by the following condition

At . < t ... - t,,... < Atmm - r(2j) f(2j) _ max

At . < t - t < At
mm ~ r(2j-l) f(2j-l) ~ max

(38)

(39)
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where At . and Atmin max are the time limits corresponding to the maximum

and minimum bubble velocities, respectively. The maximum and minimum bubble 

velocities are determined from experimental conditions.

3.3 Local Void Fraction

The local void fraction at any location r can be obtained by either front 

or rear probe sensor tips. It is defined as a time average of the concentra­

tion S(r,t) by

a(r) = lim 1 J <S(r,t) dt (40)
T-»00 0

where &, as a function of space coordinate r and time t, equals one if the 

probe tip is in gas and zero if the tip is in the liquid phase. As the signal 

is given in discrete form, Eq. (40) can be written from Figure 3.1 either for 

the front or rear probe as follows:

(41)

3.4 Local Bubble Interface Velocity and Velocity Spectrum

The local bubble interface velocity is determined from the signals of two 

sensors. A bubble interface which contacts the first sensor will in general 

subsequently contact with the second sensor. The time delay between the two 

contact signals is a measure of the bubble interface velocity. The bubble 

interface velocity component in the axial direction at any location r can be 

expressed as

L
(42)ub At
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where L is the distance between two sensor tips, and At is the time delay 

for an interface, which contacts the rear and front sensor tips as illustrated 

in Figure 3.1.

The time delay can be determined by the cross-correlation method or by 

the multi-channel technique [75]. The cross-correlation method gives the most 

probable time delay between the two sensor output signals, while the 

multichannel technique gives the spectrum of the time delay for each bubble 

interface.

In the present study both the multichannel method and cross-correlation 

techniques are used in the determination of local bubble interface velocity.

In the multichannel method, the bubble transport time signals are processed 

through a computer program to identify signals from the same bubble. This 

process thus eliminates miscounting of bubbles. The interface velocity for a 

specified j'th bubble interface is then given by

bj At (2j-l)
j=l, 2, (43)

where the index j refers to a j'th bubble. Considering the bubble 

deformations we used the bubble leading surface velocity as a representative 

of a bubble surface velocity. Then using the multi-channel method, the bubble 

velocity signals are proportionally transferred into an amplitude pulse. The 

maximum and minimum values of these amplitude pulses are then divided into 

equally spaced channels. The amplitude pulses are then counted into their 

respective channels to generate a bubble velocity spectrum at a given probe 

radial position.

The local mean bubble interface velocity component in the flow direction,

u^(r), and the standard deviation of bubble velocity spectrum are given by:
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(44)

S(r) = [—----------- 77---------------------- ]
Nk

^ nktv(r) - ub(r^ 1/2
(45)

where is the instantaneously measured local axial bubble velocity in the 

k'th channel, n^ is the total count for the k'th channel, and N. is the 

number of channels.

The cross-correlation function, which gives the most probable time delay, 

is also computed. If u^(t) and ur(t) are two signals from the front and 

the rear sensors respectively, then the cross-correlation function Fu u (At )
f r m

is given by

F (46)

which the bubble velocity is determined through the use of Eq. (42).

3.5 Local Interfacial Area Concentration 

The local interfacial area concentration at any spatial location r is 

given by Ishii [3] as

(47)

29



where T, and n. are the sampling time, interfacial velocity and unit 

normal vector of the interface. is the total number of interfaces 

passing within the sampling time, T. Physically this local interfacial area 

concentration represents the probability of the interface occurring at that 

point.

The form of Eq. (44) indicates a possible measurement technique for 

determining the local interfacial area concentration. Basically it requires 

the measurement of the interfacial velocity and the surface direction at the 

point. A simplified double-sensor resistivity probe suggested by Herringe et 

al. [76], Veteau [18], Veteau and Chariot [17], Kataoka et al. [77] assumes a 

unidirectional flow of spherical particles. Under this condition, the local 

interfacial area concentration becomes

N.

a. (r) = i l 7—Vt 1 T j=l lubj(r> (48)

where the u^ is the passing velocity of the j'th interface measured through

the double-sensor probe in the flow direction. This model has been applied,

and a^(r) or the implied mean bubble size has been experimentally measured

for two-phase bubbly flow [76,18].

Considering the velocity fluctuations due to turbulences or fluid

particle motions, Kataoka et al. [77] suggested an improved statistical model

to relate term |v^.n^|^ appearing in Eq. (47) to measurable quantities. In

this model it was assumed that the direction of the interface velocity

fluctuates within a maximum angle of 0 from the axial direction witho
equal probability. Then this angle eo was related to the root mean square 

of fluctuating components of the velocity which can be measured by the same
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double-sensor probe simultaneously with the measurement of the sensor passing

velocity u^. Then the local interfacial area concentrations is given by

N.
a^r) = {f I' —1----

j=l Iubj(r)
-} C(ao) LT + at(2j)]

where

(49)

ov1,-lC(ao) = {I - cotC^-) In [005(2“)] ~ tan 1n [sin(7")]} (5°)

The angle ao is given approximately by

sin2aQ l-S2/ub 

2ao lf3S2/u2
(51)

where S is the root mean square of the fluctuating component of the sensor 

passing velocity, which is conveniently expressed by Eq. (45).

Knowing the value of a , the time-averaged local interfacial area
0

concentration can be calculated from the measured values of ub(r) at any 

location r. The measured value of ub(r) is given by Eq. (42), whereas the 

value of ao can be estimated from measured values of statistical 

parameters of interfacial velocity as given by Eq. (51). It is to be noted 

that the root mean square of fluctuations of the axial component of 

interfacial velocity is assumed to be the root mean square of two other 

velocity component fluctuations, i.e., unidirectional assumption. Studies 

carried out by Hilgert and Hofmann [78] on bubble columns in a vertical pipe 

using an ultrasonic doppler technique have shown that the magnitude of axial 

component root mean square bubble velocity fluctuation is nearly equal to the 

radial component of root mean square of fluctuation of bubble velocity. In 

the present study Eq. (49) will be used to determine the local interfacial 

area concentration for the horizontal bubbly flow experiments.
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Figure 3.1 A typical Time History Record of Signals from a Double-Sensor 
Electrical Resistivity Probe on a Bubbly Two-Phase Flow.
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Figure 3.2 Double-Sensor Electrical Resistivity Probe Design.
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4. EXPERIMENTAL SETUP AND PROCEDURE

4.1 Description of Flow Loop

A horizontal flow loop was designed and built for investigating the 

interfacial structure of horizontal two-phase flow. The overall loop 

schematic is illustrated in Figure 4.1. The loop basically consists of 

various flanged lengths of 50.3 mm ID circular Pyrex glass tubings with 

pressure taps installed between them. However, smaller or larger diameter 

test sections can be easily fitted to the loop. The over-all test section is 

about 15.4 m in length.

The entire test section is all transparent, so that flow visualization, 

high-speed photography, and high speed cinematography are possible. It is 

designed such that various local instrumentations for two-phase flow 

measurements and different mixing chambers can be easily accommodated. In 

designing the loop, a special emphasis is placed on investigating geometric 

scaling and phenomenological modeling for a developing horizontal two-phase 

flow and the effects of entrance mixing geometry.

Because of the large number of flanged joints in the test section, 

considerable care is taken in the alignment and matching of the joints. This 

would minimize the flow disturbances caused by a joint. All flanged joints 

are sealed by the use of 0-rings to ensure an even and leak proof joint. In 

order to support and level the entire test section, an elaborate unistrut 

support structure is constructed. The support structure consists of one main 

rail, oriented parallel to and below the test section. This main rail is 

supported by many support arms, located at 1.2 m intervals. Each of the 

support arms heights is adjustable for leveling purposes. The glass test 

section is supported on the unistrut main rail by specially constructed maple 

wood blocks. The wood blocks have a semicircle machined out of the top side.
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with a diameter the same as that of the outside diameter of the glass test 

section. This allows the glass test section to rest on the top of the wood 

block and be securely clamped in place, and so no movement is possible. The 

wood blocks are evenly distributed along the glass test section length as 

required for sufficient support.

Air and water are used as coupling fluids. The air enters the mixing 

chamber from a 90° vertical leg and is injected into the water flow through a 

cylindrical porous media to achieve a uniform mixing and a quick development 

of a bubbly two-phase flow pattern. The porous media is made of pregraded, 

sintered powder to obtain the desired porosity. Three different sizes of 

porous media are used. The experimental results presented in this report are 

based on 100 micron porosity. The cylindrical porous media is centered in the 

glass test section, and directs the air flow from 90° to an axially aligned 

downstream direction. The water enters the mixing chamber from upstream, with 

the same central axis as the downstream glass test section. All flow paths 

for the air and water are designed to be as smooth as possible in order to 

minimize single-phase flow disturbances in the areas immediately before 

mixing. A schematic of the mixing chamber is presented in Figure 4.2.

After exiting the test section, the two-phase mixture enters an air-water
3

separator. The separator is constructed from 0.4 m circular tank.

Aluminum baffles are fastened inside the separator tank to assist the 

separation process and to prevent the possibility of vortex formation. Once 

separated, the air is vented to the atmosphere, and the water is returned to 

the water storage tank. The water storage tank is kept sealed at all times in 

order to prevent any contamination of the water with foreign debris.

The water flow was supplied by a stainless steel centrifugal pump. The 

pump has a 20 hp motor and delivers 750 gpm at 1800 rpm. A Toshiba Transistor
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Inverter model VFP-2220P1 motor control is used to control the pump speed.

The inverter allows the pump's output capacity to be regulated from 0 to 100 

percent of its rated capacity. The pump delivers water from a 500 gallon 

circular water storage tank to a system of flow regulating valves. All water 

supply piping is made up of schedule 40 and schedule 80 polyvinyl chloride 

piping. After the regulating valves, the water passes through a system of 

three water flow meters. These flow meters are of the paddle wheel type and 

are assembled in a parallel configuration and have a range of 0 to 750 gpm. 

They are electrically connected to a digital flow analyzer. The water then 

passes through a pneumatically controlled butterfly valve and then into the 

two-phase flow mixing chamber. The butterfly valve is used to shut off the 

water flow to the mixing chamber and test section during the period of average 

void fraction measurements.

The air flow is supplied by a centrally located university air 

compressor. The central air compressor has a 450 CFM capacity. An additional 

100 hp air compressor with 450 CFM capacity is also available if necessary.

The central compressor supplies air to the laboratory through a 6 inch

. 3diameter steel pipe at 115 psi. Before the air enters the 0.9 m circular

air storage tank, it passes through a 0.5 micron Arrow model F4 air filter and

then through a Norgren model R18 regulator. The air regulator is used to

reduce air flow fluctuations emanating from the air compressor or air supply

piping. The air flow regulator is set so that the air pressure in the air

storage tank is about 100 psig, or about 10 psig less than the air supply

piping. From the air storage tank the air then passes through a second Arrow

air filter with a 0.3 micron filter element. The air then goes through a

second Norgren air pressure regulator, where the air pressure is reduced to
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the flow loop operating pressure. This pressure depends on the two-phase flow 

conditions desired.

The air flow rate is measured by two turbine flow meters. One of the 

flow meters has a 1/2 inch inside diameter and the other had a 2 inch inside 

diameter. The larger flow meter has the capacity to measure up to 300 CFM.

The two flow meters were connected in a parallel configuration and the 

appropriate flow meter is used, depending on the desired air flow rate. The 

output signal of the flow meters is connected to a Masstrol digital flow 

analyzer. After the flow meters, the air flow passes through a pneumatically 

controlled ball valve and then enters the two-phase mixing chamber. The 

pneumatically controlled ball valve is used to shut off the air flow during 

the period of average void fraction measurements.

The last 1.5 m of the test section incorporates two quick-closing valves 

which are used for average void fraction measurements. These valves, which 

are pneumatically operated and electrically controlled, have a very high 

response time in the order of milliseconds and are synchronized through a 

common electrical switch to ensure simultaneous operation. The distance 

between the valves is long enough to minimize any experimental error. During 

experimental runs operation of the quick-closing valves and measurement of the 

mass of water entrapped yields the average void fraction.

To protect the system against pressure surges the following features are 

incorporated:

- Two more quick-closing valves are added, one in the water line and one 

in the air line to cut off supply of water and air, respectively. A 

fifth quick-closing valve is installed to bypass flow of water from the 

pump to the tank. All of these valves are also pneumatically operated
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and electrically controlled. The five valves are connected to a common 

electrical connection to ensure complete synchronization.

- Two relief valves are installed in the single-phase liquid line after 

quick-closing valve to relieve excess pressure.

- Two air pressure relief valves of the pop-up type relieve excess 

pressure in the air-line after quick-closing valve.

Pressure transducers of the diaphragm type are utilized for both absolute 

and differential pressure measurements. The pressure drop in the test section 

is measured at six intervals with high frequency transducers located at 1.55 m 

apart from each other. The absolute pressure transducers are located at two 

locations in the test section, 6.70 m and 8.22 m downstream of the mixing 

chamber, respectively.

Experiments in the laboratory are interfaced with a data acquisition 

system utilizing a Zenith PC/AT computer with Metrabyte DASH-16F 16-channel 

multifunctions high-speed analog/digital I/O expansion board, and a Labtech 

notebook software. The data, which can be taken at 100 kHz, can be stored on 

magnetic media and analyzed off-line by the computer in the laboratory or on 

the main-frame computer.

4.2 Experimental Procedure

The experiments were carried out under fully developed bubbly flow 

conditions by variation in the liquid flow rate, gas flow rate and the radial 

position of the probe. The superficial liquid velocities ranged from 2.80 m/s 

to 5.92 m/s, and the superficial gas velocities covered a range from 0.23 m/s 

to 1.97 m/s. At each fixed liquid superficial velocity, the gas superficial 

velocity was increased as long as the flow-pattern was bubbly. Evidence of 

slug flow was indicated in the output signals and discarded from evaluation. 

Liquid superficial velocities higher than indicated above could not be reached
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due to pressure limitations of the pyrex-glass test loop. During the 

operation of the quick-closing valves, the pressure reached sizable 

proportions of the loop pressure limitations. The temperature of the water 

was maintained at room temperature by adding tap water to the storage tank.

The mounting and traversing mechanism for the resistivity probe is shown 

in Figure 4.3. The probe was inserted through a probe support located at the 

bottom of a rectangular plexi-glass test section. The test section was 15 cm 

in length, 15 cm in height and 7.5 cm in width. A Vernier with graduations to 

an accuracy of 0.0254 mm was used to traverse the probe in a direction 

perpendicular to the axis of the tube. As shown in Figure 4.4 twenty-three 

locations were selected through the pipe diameter of 50.3 mm. The increments 

were smaller as the probe traversed toward the wall at the upper half of the 

tube.

For each preset experimental condition the data including 23 probe 

locations, pressure drops at six intervals, and the absolute system pressure 

at two locations were recorded. At the end of each experimental run the 

quick-closing valves were operated to measure average void fraction. 

Experiments were interfaced with a data acquisition system utilizing a Zenith 

PC/AT computer with a Metrabyte DASH-16F 16-channel multi-function high-speed 

analog/digital I/O expansion board, and a Labtech Notebook software.

Due to the large volume of data generated the sampling rate was kept at 

20 kHz for each sensor, and the sampling time was 1 second. It was found that 

this combination provided a sufficiently large volume of data for any 

statistical analysis. It is to be noted that the total sampling time may seem 

very short when compared to earlier investigations carried out on vertical 

bubbly two-phase flows. However, it is also to be noted that in a horizontal 

bubbly two-phase flow the velocities are very high and it becomes essential to
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have a sampling rate as high as possible to record all the bubbles. This 

simultaneously leads to a shorter sampling time due to overall limitations on 

the data acquisition system.

5. EXPERIMENTAL RESULTS AND DISCUSSIONS

5.1 Flow Conditions

The flow conditions investigated are summarized in Table 5.1. The 

superficial liquid velocities of 2.80 to 5.92 m/s were used with average axial 

air superficial velocities from 0.23 to 1.97 m/s. The detailed experimental 

data is given in Appendix A.

5.2 Experimental Results and Discussions 

5.2.1 Local Void Fraction Distribution

The local void fractions were obtained independently with both front and 

rear sensors of the probe using the average void fraction as a convergency 

criterion to decide the threshold voltage. Then Eq. (41) was used to 

calculate the local void fractions. The profiles of local void fraction 

measured from both the front and rear sensors are shown in Figures 5.1 to 5.28 

for superficial liquid and gas velocities ranging from 2.80 to 5.92 m/s and 

0.23 to 1.97 m/s, respectively. Figures 5.28 to 5.40 illustrate local void 

fraction profiles at several flow parameter values of <j^> and <j^>- In 

Figures 5.28 to 5.40 only the front sensor measurements are used. The 

following observations can be made from these figures:

a) The void fraction distributions obtained by front and rear sensors are 

surprisingly close to each other, indicating the consistency in the signal 

processing methodology.
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b) It is evident from Figures 5.1 to 5.28 that the bubbles tend to 

migrate toward the upper wall under the dominating influence of buoyancy 

force. Thus, the void fraction under all test conditions generally showed a 

distinct peak near the top wall at about r/R ^ 0.8 ~ 0.9. However, close

to the wall, the wall viscous layer causes a larger hydraulic resistance of 

the liquid path between bubble and wall, inducing a steep decrease in the void 

fraction distribution toward the wall. This phenomenon is exactly similar to 

the one that has been observed in vertical bubbly two-phase flows [19, 75, 

79-81].

c) Although the void fraction distributions tend to flatten as the 

average void fraction increases, the distinct peak always occurs in relatively 

the same location. The fact that the peak void fraction in all cases never 

exceeds 0.60 ~ 0.65 indicates that a maximum packing exists in the channel. 

Above the maximum packing limit, coalescence of bubbles occurs resulting in 

larger slug bubbles.

d) As illustrated in Figures 5.29 to 5.35 the effect of increasing the 

gas flow rate is to increase the average void fraction and to flatten the void 

fraction distribution toward the bottom channel wall. Again, there was no 

noticeable change at the peaking positions.

e) The effect of increasing liquid flow rate is to decrease the average 

void fraction, Figures 5.36 to 5.40. However, there were no noticeable 

differences in the peaking positions, but there was a significant decrease in 

the value of the maximum void fraction.

5.2.2 Local Interfacial Area and Bubble Size Distributions

Figures 5.1 to 5.28 show the local interfacial area concentration 

profiles based on Eq. (49). Figures 5.41 to 5.51 demonstrates effects of flow 

parameters on local interfacial area concentrations. It is interesting to
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note that the interfacial area concentration distributions have similar 

characteristics to those of the the void fraction distributions. The 

interfacial area reaches a maximum at about the same location as the void 

fraction peak. Increasing the gas flow or decreasing the liquid flow would 

increase the local and overall interfacial area concentration and tend to 

flatten the interfacial area concentration profile.

It is important to note that the local interfacial area concentration in
O O

horizontal bubbly two-phase flow may become as high as 800 ~ 900 m /m 

toward the top of the channel. This range of the interfacial area 

concentration has never been reported for vertical bubbly flow. The higher 

values suggest that in this type of bubbly flow the interfacial transport of 

mass, momentum and heat transfer is much higher near the top portion of the 

tube wall.

The interfacial area concentration is strongly affected by bubble sizes, 

since the surface to volume ratio of a small bubble is larger than that of a 

larger bubble. Furthermore, when the bubbles are not spherical, the volume to 

surface areas also depend on the shape of the bubble at the same void fraction.

The profiles of the interfacial area concentration and the void fraction 

can be used to determine the Sauter mean bubble diameter variations along the 

cross section. The definition of the Sauter mean bubble diameter assumes 

spherical bubbles and is given by

D sm

I
k=l

1
k=l

(52)

where nk is the number of bubbles of size D^, and is the total bubble 

size classes.
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On the other hand the void fraction and the interfacial area

concentration can be expressed, respectively, as

<*(r)
1

k=l
VI

I
k=l

0 3
k

and

ai(r)
I

k=l
nk Ak

VI

1T l 
k=l

V T

D 2
k

(53)

(54)

where is the volume of a typical bubble of size in a given class k, 

is the surface area of a typical bubble in the same class size, and V^. 

is the total mixture volume.

From Eqs. (52), (53) and (54) it can be shown that

D sm (r) 6a(r)
ai(r) (55)

Based on Eq. (55), Sauter mean diameter distributions for the present 

experimental conditions are illustrated in Figures 5.52 to 5.79 at various gas 

and liquid fluxes. The effect of gas flow and liquid flow on the Sauter mean 

diameter are shown in Figures 5.80 to 5.91. From this figure it may be 

observed that the Sauter mean diameters are in the range of 2 mm to 4 mm 

depending on the location and flow conditions. The profiles show relatively 

small variations over most of the flow channel cross-section except near the 

wall region. The bubble size tends to reduce close to the wall region. 

Generally there is no bubble size peaking found as reported for vertical 

bubbly flow by Michiyoshi and Serizawa [82], Matsui [83] and Liu [80]. The 

bubble diameter generally shows an increase with the gas flow rate, although 

the influence is not significant. By comparing two figures it may be observed
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that increasing liquid flow rate results in a more homogeneous distribution of 

the bubbles.

Figure 5.92 illustrates the variation in the average interfacial area 

concentration as a function of the averaged void fraction. Considering small 

variations in the Sauter mean diameter, this behavior is not surprising from

Eq. (55).

5.2.3 Local Bubble Interface Velocity

The local bubble interface velocity in the axial direction was determined 

from the signals of two resistivity probe tips using Eq. (44).

The mean local bubble velocity distributions calculated from the bubble 

velocity spectrum and also from the cross-correlation method are shown in 

Figures 5.1 to 5.28. The effect of gas flow and liquid flow on bubble 

velocity distribution are shown in Figures 5.93 to 5.104. The bubble velocity 

spectrum at every local position covered a range of bubble velocities 

approximately following a Poisson distribution. A typical velocity spectra is 

also illustrated in Figure 5.105. The following observations can be made from 

these figures.

a) There was no evidence to suggest a proportionate correspondence 

between local void fraction and bubble velocity distributions as suggested by 

Van der Welle [84] and Beattie [85] for the vertical flow. There were no 

peaks in bubble velocity profiles corresponding to those observed toward the 

top wall peeking void and interfacial area concentration profiles. On the 

contrary, the velocity profiles show a fairly uniform distribution over a 

large portion of the flow area, except for the wall region.

It can be observed that an increase in either the liquid flow rate or gas 

flow rate increases the bubble velocity. The mean bubble velocity near the
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upper wall decreases indicating the same tendency as that found in vertical 

bubbly flows.

Verification of the measured velocities was undertaken by comparing the 

averaged values ufa and u^ based on the probe measurements and the measured 

gas volumetric flow rates Qg, respectively. ub and ug are defined as 

follows:

J a u dA 
- _ A b 
ub - J a dA 

A

<a ub> <jb>
<a> <a> (56)

ug “* <a> A <a> (57)

where the brackets, < >, denote area averaged values from integration, and 

0 is the volumetric flow rate of the air.
g

The corresponding values of the velocity from Eq. (1) were determined by

numerical integration, and the values are listed in Table 5.2. Furthermore

the deviation of u. with respect to u and of <i.> with respect tob g b

<jg> which are, respectively, defined as

uh - u
A ub = (--- g) x 100%

ug

and

<Jh> ~ <j >
A <jb> = (----<:j > 3 ) X 100%

(58)

(59)

are also listed in Table 5.2. The mean deviation between the values obtained 

from integration of the local flow parameters and those obtained from flow 

rate measurements is + 5.7%. The integrated values are generally lower. This 

may be explained partially by the fact that we expect the measured values of 

velocity to be slightly low, both because of possible deflexion of the bubbles
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when they hit the probe tips and because of missing the smallest size bubbles. 

In all cases, the difference is less than 12% of the value calculated from the 

overall gas flow rate, with only 5 of the total 28 experimental runs showing a 

deviation greater than 10%.

The above comparison justifies the reliability of the double-sensor 

resistivity probe technique for measuring local void fractions and axial 

velocity components.

Based on the bubble velocity and void fraction measurements, a drift-flux 

presentation is illustrated in Figure 5.106. As suggested by Ishii [3] and 

Wallis [2] it is given by

"g = “gj f co <j> (60)

where u . is the weighted mean drift velocity of the gas phase, and c is 

the distribution parameter. Figure 5.106 indicates a linear relationship be­

tween u and <j>, which can be used to determine u . and c . Regression 9 gj o a

analysis on data yields c =1.05 and u . = 0.13 m/s It is to be notedo gj
that such a representation was obtained from our air-water bubbly flow data 

which is far from the origin. Therefore, it has the limitations of our data 

range. It should be checked further for a wider data range.

5.2.4 Bubble Chord-Length and Bubble Frequency Distributions

The local bubble chord length was determined from the bubble residency 

time measured from the front probe, t, and from the bubble velocity, u^, 

as follows:

‘d * % T <6’>

A typical bubble chord-length distribution is illustrated in Figure 5.107. 

For each experiment, this type of figure has been produced to verify the order 

of Sauter mean diameter values obtained from Eq. (55).
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The local bubble impaction rate or bubble frequency, which is the number 

of bubbles detected by the front probe in unit time at a specific location, 

can also be obtained from the experimental data. Bubble impaction rate 

distributions are shown in Figures 5.1 to 5.28. The influence of gas and 

liquid flow on the bubble frequency are shown in Figures 5.108 to 5.104. It 

is important to note from these figures that the bubble impaction rate 

distribution has the same behavior as that of the local void fraction 

distribution. Due to the buoyancy effect, the uniformly generated and 

distributed bubbles move into the upper sections and crowd together near the 

top wall of the horizontal flow channel. A distinct peak of bubble impaction 

rates close to the top wall can be observed in all flow conditions even though 

the bubble impaction rate profile tends to flatten as the average void 

fraction is increased. A very high bubble frequency on the order of 1800 1/s 

may be observed toward the top of the tube. This might explain the high void 

fractions and interfacial areas observed in the present horizontal bubbly flow 

experiments.

6. SUMMARY AND CONCLUSIONS

The internal phase distribution of cocurrent, air-water bubbly flow in a

50.3 mm diameter transparent pipeline has been experimentally investigated by 

using double-sensor resistivity probe technique. Liquid and gas volumetric 

superficial velocities ranged from 3.11 to 5.92 m/s and 0.23 to 1.97 m/s, 

respectively, and average void fractions ranged from 0.9 to 30%. The local 

values of void fraction, interfacial area concentration, mean bubble diameter, 

bubble interfacial velocity, bubble chord-length and bubble frequency 

distributions were measured.
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The experimental results indicated that the void fraction, interfacial

area concentration and bubble frequency have local maxima near the upper pipe 

wall, and that the profiles tended to flatten with increasing void fraction.

For the horizontal bubbly flow, the observed peak void fraction can reach

. 2 30.65, and the peak interfacial area concentration can go up to 1000 m /m ,

whereas the bubble frequency may reach a value of 1700/s. It was found that

either decreasing the liquid flow at constant gas flow or increasing the gas

flow at a fixed liquid flow would increase the local void fraction,

interfacial area concentration and the bubble frequency.

The axial bubble interface velocity showed a relatively uniform 

distribution except near the upper pipe wall, where a sharp reduction in 

velocity was found. The local bubble interface velocity and the bubble 

velocity turbulent fluctuations increase with the gas flow.

Using the relation between the local interfacial area concentration, void 

fraction and the Sauter mean diameter of bubbles, the mean bubble diameter 

distributions were calculated. It was observed that the mean bubble diameters 

ranged from 2 to 6 mm depending on the location and flow conditions. The 

bubble diameter generally increases with the gas flow rate at a given liquid 

flow rate, although the effect was not found to be significant.
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TABLE 5.1 Experimental Conditions

No.

(m/s)

V

(m/s)

<a>

%

P

(bar)

0P2

(bar)

aP4

(bar)

aP6

(bar)

1 3.74 0.25 5.7 1.22 0.0545 0.0544 0.0542

2 3.74 0.51 10.5 1.23 0.0563 0.0561 0.0559

3 3.83 0.72 15.2 1.28 0.0567 0.0566 0.0564
4 3.74 1 .03 18.3 1.27 0.0585 0.0583 0.0581
5 4.05 0.26 6.4 1.24 0.0569 0.0567 0.0565
6 4.05 0.51 10.7 1.26 0.0585 0.0583 0.0581
7 4.05 0.76 15.4 1.27 0.0004 0.0602 0.060
8 4.06 1 .04 18.7 1.29 0.0695 0.0602 0.06
9 4.05 1.34 21.0 1.36 0.0563 0.0541 0.0496

10 4.45 0.24 4.7 1.26 0.0611 0.0596 0.0599
11 4.36 0.51 10.3 1.29 0.0550 0.0520 0.0473
12 4.36 0.78 14.1 1.3 0.0617 0.0618 0.0616
13 4.36 1 .31 21.5 1.36 0.0656 0.0655 0.0654
14 4.30 1.59 22.5 1 .41 0.0651 0.0636 0.0585
15 4.78 0.25 4.3 1.29 0.0619 0.0617 0.0616
16 4.67 0.53 8.7 1.32 0.0801 0.0576 0.0555
17 4.7 0.79 14.3 1.32 0.0669 0.0659 0.0658
18 4.77 1.19 18.2 1.39 0.0688 0.0685 0.0679
19 5.10 0.24 4.3 1.35 0.0653 0.0632 0.0567
20 5.10 0.48 8.0 1.36 0.0679 0.0661 0.0586
21 4.98 0.80 13.9 1.36 0.0674 0.0672 0.0669
22 4.98 1.34 20.4 1 .43 0.0716 0.0715 0.0713
23 5.29 0.80 12.5 1.41 0.0705 0.0704 0.0703
24 5.29 1.35 20.8 1 .48 0.0749 0.0748 0.0746
25 5.71 0.71 10.6 1 .47 0.0748 0.0746 0.0744
26 5.6 1.37 21.3 1.57 0.0785 0.0782 0.078

- 51



No

1

2

3
4

5
6
7
8
9

10
11
12

13
14

15
16

17
18

19
20

21
22
23
24
25

26

TABLE 5.2 Experimental Conditions and Comparisons of Velocities

<jf>

(m/s)

<a>

%

%

(m/s)

ug

(m/s) %

"V

(m/s)

ci >Jg

(m/s)

A<jb>

%

3.74 5.70 4.01 4.39 -8.9 0.23 0.25 -8.8
3.74 10.50 4.49 4.86 -7.6 0.471 0.51 -7.6
3.83 15.18 4.50 4.71 -4.4 0.68 0.72 -5.6
3.74 18.30 5.10 5.63 -0.4 0.93 1 .03 -9.7
4.05 6.48 4.25 4.06 -4.7 0.27 0.26 3.8
4.05 10.70 4.69 4.77 -1.7 0.50 0.51 -1 .9
4.05 15.40 5.02 4.94 -1.6 0.77 0.76 1 .3
4.06 18.70 5.53 5.56 -0.5 1 .03 1.04 -0.9
4.05 21 .00 5.89 6.38 -7.7 1.23 1.34 -8.2
4.45 4.70 4.64 5.15 -9.9 0.22 0.24 -9.9
4.36 10.30 4.89 4.95 -1.2 0.50 0.51 -1 .6
4.36 14.10 5.41 5.53 -2.1 0.76 0.78 -2.5
4.36 21.50 6.32 6.09 3.7 1.36 1 .31 3.8
4.36 22.50 6.37 7.07 -9.9 1 .43 1 .59 -10.1
4.78 4.30 5.21 5.88 -11.4 0.22 0.25 -10.4
4.67 8.70 5.39 6.09 -11.5 0.47 0.53 -11.3
4.70 14.30 5.77 5.52 4.5 0.82 0.79 3.8
4.77 18.25 6.17 6.52 -5.4 1 .12 1.19 -5.6
5.10 4.34 5.49 5.61 -2.1 0.24 0.24 0.0
5.10 8.02 5.60 6.05 -7.9 0.44 0.48 -6.4
4.98 13.90 6.32 5.76 9.7 0.88 0.80 10.0
4.98 20.40 6.26 6.57 -4.7 1.27 1.34 -5.2
5.29 12.50 6.78 6.40 5.9 0.849 0.80 -6.1
5.29 20.80 7.30 6.49 12.4 1 .516 1 .35 12.3
5.71 10.60 7.03 6.75 4.1 0.75 0.71 4.9
5.60 21.80 6.04 6.43 -6.0 1 .31 1 .37 -5.3
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Figure 5.92 Average Interfacial Area Concentration as a Function of Void Fraction.
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