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ABSTRACT

Methods for the measurement of impact pressure in two-phase bubble flow are discussed,
leading to the design of a liquid phase isolator. This simple device, equipped with a miniature
pressure transducer, makes it possible to measure the impact pressure of the liquid phase in a
flowing gas-liquid mixture. The liquid velocity can then be predicted, provided that the local
void fraction is known. Using a measured void fraction it is possible to predict the pressure
drop, mixture and phase velocities, and liquid phase distribution by either finding new
correlations or using a newly-developed numerical model. Experiments were performed in
8.6-in (218.44 mm) diameter horizontal pipes with 0.30 maximum flow volumetric qualities.

In high turbulence conditions (R, = 2 x10°), we observed that the liquid velocity profile

behaves like single-phase liquid flow; the symmetry of the profile changes when flow
volumetric quality varies from about 12 % to its maximum value. It was determined that, in
fully-developed dispersed bubble flow the void fraction is uniform, giving rise to a uniform
vertical pressure distribution. This strongly influences the vertical phase distribution. The
liquid velocity distribution was found to be uniform in the vertical plane. The presence of a
large concentration of bubbles in the upper part of the pipe causes the velocity of the liquid
there to be generally lower than in the liquid phase; the liquid velocity decreases in the
transversal plane because of the drag effect of local displaced bubbles. Liquid velocity is
therefore distributed non-uniformly in the transversal plane. The effects of gravity (assuming
it to be stabilized in steady fully developed flow), interfacial forces and the turbulence
structure of the continuous phase appear to have a great influence on the liquid phase velocity
distribution in a large horizontal pipe. In this study, the liquid phase velocity of turbulent
flow of a water/dispersed bubble mixture in large diameter pipes is predicted. The first step is
development of a measuring technique for the liquid phase velocity of dispersed bubble flow.
Subsequently, the relationship between the phase distribution mechanism and the turbulence
structure in the continuous phase is expressed in terms of linear liquid velocities (in single-
phase and two-phase flows). Finally, velocity distributions determined using experimental
data are compared with those predicted numerically.

Keyword: Two-phase bubble flow, liquid phase velocity and large diameter horizontal pipe
flow.

INTRODUCTION

Liquid velocity plays an important role in the physical modeling of both single and two-phase
flow. If a liquid is the continuous phase of a flowing mixture, knowledge of its velocity
distribution permits a better understanding of the turbulence structure of the flow and the
phase distribution mechanism.
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The linear velocity of the liquid in gas-liquid mixture flow may be determined in the same
way as in single-phase liquid flow. Methods currently used include injecting a solution into
the flow and measurement of the transit time of fluid particles between two successive
electrodes (Sodium chloride, Jepsen and Ralph; salt water or hot water, Kinoshita and
Murasaki, Serizawa et al.), or measurement of the oxygen reduction velocity at the surface of
the electrodes. This velocity varies with that of the flow (electrochemical method, Mitchell
and Hanratty; electrodiffusion, Kozmienko et al., Nakoryakov et al., Kashinsky et al., and
Pannek et al). The 1/6 to 1/7 power law found in the turbulent case indicates that the profiles
are very close to those noted in turbulent single-phase flow.

Using an isokinetic sampling method (the static pressure is equalized at the entrance of the
probe and at the same axial position in the flow), Alia et al., Jepsen and Ralph, showed that
the liquid velocity of a bubbly flow with an annular entrance/mixing section may be deduced
from pressure, mass flow rate and void fraction data.

The signal analysis method proposed by Delhaye, Serizawa et al., and Galaup was used to
obtain the liquid velocity with a hot film anemometer and the amplitude histogram from a
multichannel analyzer. A power law of 1/7, obtained with Laser Doppler velocimetry, was
reported in Ohba et al. and Vassallo et al., for liquid velocity distribution in vertical
upward/downward bubble flow. Brown et al., assume that the liquid velocity profile can be
represented by a parabolic function to which a correction factor varying from zero to one is
applied.

Minemura et al. present the liquid velocity as a potential for a quasi-harmonic equation. This
equation is solved using the finite element method to obtain the velocities, and the equation
of motion of an air bubble is integrated numerically into the flow field to obtain the void
fraction.

The numerical model of Sato and Seroguchi, verifies experimental work carried out in a
vertical rectangular tube of 25 x 50 mm. The shear stress of the liquid phase (air-water flow)
is separated into two parts: one related to the inherent turbulence of the liquid independent of
the existence of the bubbles, the other to the supplementary turbulence of the liquid caused by
bubble agitation. Bankoff et al proposes a power law distribution for each velocity and void
fraction profile, where the shear stress is presumed to be uniform over all sections of the pipe.

Brown and Kranich, on the other hand, propose a logarithmic distribution for the velocity of
air-water bubble flow. Krashcheev and Muranov calculate the velocity of a bubbly flow with
an annular entrance/mixing section by replacing the flow by a homogeneous medium; shear
stress and the core film interface velocity are of the same order of magnitude. Prandtl’s
mixing length theory is applied by Bankoff et al, Levy et al, and Gorin et al for analytical
treatment of velocity distribution.

In this work, the void fraction of dispersed bubble flow in a large diameter horizontal pipe is
predicted. During our investigation, we first develop a technique for measuring the liquid
phase velocity of dispersed bubble flow (Morgan et al. 2016). Secondly, the relationship
between the phase distribution mechanism and the turbulence structure in the continuous
phase is expressed in terms of linear liquid velocities (in single- phase and two-phase flows)
and the measured void fraction (Lakis, A. A., et al (1988)). Finally, velocity distributions
determined using experimental data are compared with those predicted numerically. The
numerical work is based on the model proposed by Sato and Seroguchi for bubble flow.
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Description of the experiment

The horizontal air-water flow facility is shown schematically in Figure 1. This facility was
installed and used by Lakis (1978) for studying wall pressure fluctuations in annularly
dispersed bubble flow.

Water flows from a 15000 USG (55500 liters) open reservoir through the circuit at a rate of
2000 to 5000 USGPM (7400 to 18500 I) and is mixed with compressed air to produce a two-
phase flow. Experiments were conducted in a series of horizontal pipes of 8.6 in (218.44
mm). nominal diameter located at “130 diameters” total distance from the mixer. Pipelines
consisted of interchangeable PVC pipes, a steel pipe (for installing the wall pressure
transducers), and a Plexiglas pipe (thickness: 0.975 in (24 mm) and internal diameter 7.625 in
(193.68 mm)). Evolution of the flow can be visually monitored by moving the clear section
along the pipe (Sookhak Lari, K. et al., 2013).

The friction velocity in two-phase flow was evaluated from pressure drop measurements
made with Bourdon-type pressure transducers which are connected to pressure taps located
along the pipe.

Due to the limited capacity of the piping circuit, the maximum flow volumetric quality (ratio
of gas volumetric flow rate to total volumetric flow rate) was 30 %. The following three
observable flow regimes were obtained: slug flow, dispersed slug waved flow and stratified
dispersed bubble flow as shown in Figure 2.

=] Monitoring control valve 1 Pump (150 HF).
[ﬁ Regulater of constant pressure

Manual control valve 2} Fump (150 HP).

Compressed air

3} Closed pressure vessel (45 psi).
4) Orifice meter.

kil Hg U-manometer.

11} Air-Water mixer.

T} Pressure gauge.

) Thermometer.

) Test section.
10) Measurement apparatus (Pitot, probe..).
11) Dpen reservair.

Figure 1: Horizontal test loop.

Progressive Academic Publishing www.idpublications.org


http://ascelibrary.org/author/sookhak+lari%2C+k

European Journal of Engineering and Technolog)/ Vol. 5 No. 1, 2017
ISSN 2056-5860

35 T T T T T T v T T T T T

:o - - - - - LR L - L]
L fo=] o] J
30} -
N . e - s e e e . 4
=1 J
es o LI ) - ee e e . E
8 25'—. - - ’_:_______-'--'—-.__:___-"
e - —_ . > * e
= - . ./,/. ° e — .-—-.-—-". -
L —_ "o .
S ore. e _~"c e 'Y o ]
B 4 — [ A
[ . /s-6" o ° e © o o i
o @ ® [ ] ® o L J 1
15 -1
d [ ] L J ® ® L ] E
B .

10 ") L L 1 L 1 s 1 N ] 1 1 1
0 4 6 B 10 12 14
Uso FT/SEC

Figure 2 Flow map of horizontal air-water flow.
{B-in. nominal diameter, fully developed flow z/D = 130)

Slug flow
Dispersed slug waved flow
Stratified - dispersed bubbles flow

Values chosen for experimentation

1 Jeeoo

=== Transition zones.

Figure 2: Flow map of horizontal air-water flow. (8.6-in (218.44 mm) nominal diameter,
fully-developed flow z/D=130).

The experimental conditions summarized in Table 1 clearly refer to the case of stratified
dispersed bubble flow.

Table 1: Experimental conditions

AIR WATER
T =24° + 2°C, P = 50 PSIG, pa = 0.255 Ibm/#’ TL=19° +2°C,PL=1 ATM, p. = 62.4 Ibm/ft*

vL = 1.088*107%1t?/sec

Qoolft*/min)  Uge(ft/sec) Xo  Qu(USGPM)  Ul(it/sec
766 403 16 4371; _—"30.731
738 3.88 131 3666 25.77
147.6 7.76 219 3940 27.69
209.8 11.03 264 4373 30.74
202.2 10.63 292 3666 25.77

Xo=_ Qoo .060=19.02 * Ugo,Quo = 142.26 * Uy, pg = 2.698*(PSIG),
Qo + Quo 459.69 + °F

ID = 7.625 in, Reu(max) = 2*10°% Mach (max) = 0.014 (<0.2; incompressible)

; * 24 Axial locations
E

* 9 Radial positions (Transversal plane A
and Radial plane B)

Entrance (Z/D = 0) Exit(Z/D = 170)
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Experimental measurements were made and numerical analyses were carried out for fully-
developed flow conditions. More detail on experimental apparatus and procedure may be
found in Trinh et al., 1986.

Principle of measurement of local liquid phase velocity
Use of Pitot tube and pressure transducers

The use of Pitot tube and differential pressure transducers in two-phase flow has been
adopted by several investigators, notably Halbronn, Gill et al. for studying annularly
dispersed flow (Dispersed flow is characterized by the flow where one phase is dispersed in
the other continuous phase.) Kinoshita and Murasaki for analysing pulsating phenomena,
Zigami et al. for measuring liquid phase variables, Fincke and Deason, Lakis and Mohamed
for experimenting with dispersed bubble flow, etc.

The presence of the dispersed phase in a continuously flowing mixture is characterized by the
proportion occupied by this phase along the flow. In air-water mixture flow, this proportion
represents the quasi-static fraction of air bubbles and is symbolized by« . Since the void
fraction is a measure of the change in proportion resulting from either a variation in the
dispersed phase or interaction between the phases, it represents an additional independent
kinetic variable in the general expression for two-phase flow.

In general, the interpretation of measured impact pressure is difficult unless the measured
variable is well specified. The isokinetic sampling method was adopted by Anderson and
Manzouranis for studying the flow with air predominating, and by Jespen and Ralph, Shires
and Riley, Alia et al., in obtaining information about one phase in an annularly dispersed
flow.

The use of a Pitot tube in two-phase flow is efficient when its opening diameter is
considerably smaller than that of the bubbles. However, using a small diameter Pitot tube
increases the duration of the measuring time. If the Pitot tube is large enough for bubbles to
enter, the presence of bubbles in the tube or in the connecting lines leads to erroneous
pressure readings. The method adopted for this study is the use of a current of water under
pressure with a set of three nozzle taps in which the flow remains constant in the direction of
the manometer tap. Another approach suitable for this study is an air current constantly
flowing in the direction of the manometer pressure taps at a given pressure. The current must
be adjusted automatically in order to maintain equilibrium with the pressure used during the
experiment. The difference between initial and final values represents the desired total
pressure Chen, K.S. et al (2001).

In this investigation, the average impact pressure of the two-phase flow is initially determined
using a Pitot tube with a diaphragm-type differential pressure transducer. Air is purged in two
clear cylindrical containers which are always filled with water before entering both sides of
the pressure transducer. Air bubbles can later be freely evacuated to the atmosphere by means
of a valve situated on the top of each container or air-purger.
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A schematic diagram of the measuring system is shown in Figure 3.
Clear connections

T
o
Underpr
pressure water Output signal —@
1 \vd
1 U
L
3 2 Bypass
2P - -
:D L _9 G S——" CT —
T T T N T T Y AN S \\\'\G
> Static pressure.

— Dynamic pressure.
=® Total pressure.
1) Pitot tube (model 310,
SSI-TAYLOR, SYBRON CORP.).
2) Air purger.
3) Differential pressure
transducer (CJRV-10PSLS7N 1783).
4) Carrier modulator (model
CJCD-3091, ser. 1795).
5) U-manometer.

Figure 3: Measurement of dynamic pressure in two-phase flow with a Pitot tube and
differential pressure transducer.

Unfortunately, this method proved unsuccessful in making reliable measurements during
experimentation due to the presence of bubbles, which accumulate in the measurement
system after a relatively short period. In addition, use of the water current under pressure
could not guarantee the absence of bubbles in the Pitot tube itself in the higher range of flow
volumetric quality.

Isolation of liquid in two-phase gas-liquid flow

Assuming that pressure signals obtained at a stagnation point result uniquely from the liquid
phase, the measured velocity will be that of the liquid phase in the mixture. In order to obtain
meaningful measurements, we wish to minimize the kinetic energy of the gas phase at this
point without disturbing the dynamic behavior of the liquid phase.

A so-called liquid isolator has been designed for this purpose. By mounting this isolator on a
miniature differential pressure transducer, the air bubbles are eliminated at the stagnation
point. The rectilinear opening of the isolator is in contact simultaneously with the pressure-
sensitive area of the transducer and with the surrounding fluid.

Progressive Academic Publishing www.idpublications.org



European Journal of Engineering and Technolog)/ Vol. 5 No. 1, 2017
ISSN 2056-5860

In single-phase water flow, this contact makes it possible to state that the measured pressure
is the same as that obtained by the transducer alone, although its magnitude must be corrected
using a calibration procedure.

In two-phase flow, if the form and dimensions of the isolator are designed to enable complete
elimination of the impact of bubbles in front of the sensor with a minimum fluctuation around
this point, it may be concluded that the major part of the kinetic energy received comes from
the liquid phase. Liquid velocity can be calculated from the known local density of the liquid
phase and the isolator can be calibrated using the same procedure as single-phase water flow.

According to visual observations of pressure signals traced on a storage oscilloscope, an
isolator with a conical form and a rectilinear opening width of 0.020 in (0.51 mm) allows
minimum pressure fluctuation even at the maximum (30 %) flow volumetric quality.

The dimensions of the pressure transducer and its support are given in Figure 4.a and 4.b. The
optimum design of the liquid isolator is presented in Figure 5. Examples of recorded pressure
signals and their broadband frequency spectra obtained using the isolator and transducer
system in single and two-phase flows are shown in Figure 6.a and 6.b, respectively.

PRESSURE REFERENCE TUBE
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Figure 4: (a) Miniature differential pressure transducer XCQ-080-50D; (b) Sketch of support
of transducer XCQ-080-50D.
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Figure 6: (a)Typical examples of dynamic pressure signals recorded at axial location 130 D
and X,=0.292; (b)Broadband frequency spectra of dynamic pressure signals obtained in Figure 7.

Equipment and calibration

The principle of the average dynamic pressure measurement in two-phase flow is illustrated
schematically in Figure 7.

IS oy B B o
®
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1) Miniature pressure transducer (XCQ-080-50D,
with or without isolator)

2) Power suppy (5 V Dc).

3) Amplifiers, Filters (ACCUDAIA).

4) Oscilloscope (TEKTRONIC).
5) Voltmeter (TSI 1076).

Figure 7: Principle and equipment for measurement of the dynamic pressure in two-
phase flow.

The calibration curve given in Figure 8 shows a linear relation over the range of water flow
rates under consideration. The transducer is placed at the pipe axis and at each specified flow
rate the impact pressure is recorded at the output of an integrating digital voltmeter. The same
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procedure is repeated with the transducer and liquid isolator system. The measuring period in
the latter case is longer and it usually takes about 10 minutes to generate each average value.

PSI .020

o 5 10 15
PSI (XCQ 80 50 D)

(PSho.020" = 0.337 (PSI) xca—oso

USGPM
1- 2100 4- 2750 7- 3580 10- 3945 13-4750
2- 2240 5- 3080 8- 3660 11- 4140
3- 2440 6- 3200 9- 3850 12- 4340

Figure 8: Calibration curve of a liquid phase isolator in water flow (0.020 in. (0.51 mm) opening
width).

The local density of the liquid given at each point is a multiplier of (1—«), where « is the

local void fraction. Since the density of the liquid is the same in single or in two-phase flow
under adiabatic conditions, the calibration constant for single-phase flow may be obtained.
The liquid velocity is determined using:

(AP)d
Pr2pL(1 — @)

where U, : liquid phase velocity (ft/sec), AP : differential pressure given by the system of

transducer XC0O-080-50D and liquid isolator 0.020 in (0.51 mm). (psig (kgf/cm?)); d=pipe
diameter, L=pipe length, g;,r =density and a, the void fraction.

U,,p = 11.639 (1)

The procedure and equipment for measuring the local void fractions has been previously
described by Lakis and Trinh (1988).

EXPERIMENTAL RESULTS
Longitudinal distribution of average velocities in fully developed conditions:

In order to facilitate the observation of flow development along the pipe, measured velocities
at the pipe axis, U, are normalized with the mean velocities deduced from a specified initial
flow rate Uy (superficial or initial flow velocity).
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Longitudinal distributions of velocity ratios U ;. /U, and U,,./U,,, are shown in Figure

9.a and 9.b for single-phase and two-phase flows. (U ,,. and U,,. are the liquid velocity and
mixture velocity at the pipe axis, respectively).

In single-phase water flow, the normalized velocities tend to increase as the flow moves
farther downstream, in accordance with other experiments in which the development of a
turbulent boundary layer normally accelerates fluid motion near the pipe axis as long as axial

locations Z/D ~100 (A. Kalpakli, M. Shusser et al and R.W. FOX et al).

Uirpe /ULe VS Z/D Unzpe, /Uno VS Z/D
1.3 4 1-PHASE, ULe = Quo/A 1.3 2-PHASES, Umo = Quo/ A
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b
a

Figure 9: (a) longitudinal variation of velocity ratios (measured values at pipe axis over
superficial values) in single-phase flow; (b) Longitudinal variation of velocity ratios
(measured values at pipe axis over superficial values) in two-phase flow.

In the presence of air bubbles, the normalized velocities are somewhat arbitrary from one
flow volumetric quality to another. However, the violent mixing action almost completely

disappears after Z/D =110 as shown in Figure 9.b.
By definition, the flow is supposed to be fully developed when:

e  The longitudinal velocity distribution is unchanged. (Single-phase flow).

e The longitudinal void fraction distributions and mixture and phase velocities are
statistically unchanged. (Two-phase flow).

The latter can be understood by considering that the forms of the void fraction and the
velocity profile remain relatively constant throughout the pipe length.

The variation in liquid velocity profiles measured at three axial downstream locations is
given in Figure 10, where measurements were taken at the highest liquid flow rate (~ 5000
USGPM (=18500 I)) with 11.6 % and 26.4 % as the chosen volumetric qualities.

Examination of velocity ratios in single and two-phase flows (Figures 9.a, 9.b, 10), and of
void fraction ratios (Lakis and Trinh, 1988), leads to the following conclusions:

In single-phase water flow, the flow is fully developed at the axial location Z/D ~100.
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In two-phase flow, the flow is fully developed at the axial location Z/D >100,

60 60

2 S0 —_
so - ———. o T T ~—— ———
a0 —~— . 40 1 .-
__.--—""‘_’_‘:‘\“. 20 .’..—-—-——-A—--— - ~=
20 20

10 10

0.0 0.7 0.20.3 0.4 0.5 0.6,0.7 0.8 0.9 1.0 00,0 0.7 0.2 0.3 0.4 0.5 06 070809 1.0
hgas] Z+s/D = 82 Z/D =130

0.0 0102030405 060708091.0
Z/D =150

Figure 10: Variation of velocity profiles along three axial locations.
(1: Xy=0.116, 2: X;,=0.264, Q ,=4373 USGPM, U, ft/sec.).

Distribution of continuous phase velocities

In gas-liquid flow with liquid predominating, the initial liquid flow rateU , plays an

important role in producing turbulence and phase separation, and then local flow conditions.
Due to the importance of using the same measuring equipment for both single and two-phase
flows, we will first present the verification of velocity distribution in single-phase flow.

Validation and comparison

*Average velocity distribution laws for single-phase flow

Measurements of velocity in single-phase water flow may be verified by referring to existing
laws that distinguish between the flows in two regions: the core region and the small region
close to the pipe wall.

In the core region, a large diameter vortex that is long in the axial direction covers almost all
of the pipe cross-section. Small vortices formed within this large one dissipate the energy
near the wall. The intensity of the turbulence is almost invariable and it is presumed that the
turbulent velocity, for all practical purposes, is constant.

In the region bordering the wall, the flow is influenced by the viscosity of the fluid and nature
of the wall.

The principal effect of turbulent energy is related to the pressure drop. Experiments in the
past have shown that the ratio of average velocity to friction velocityU / u” does not depend
on pipe radius, and the law of the wall can be applied. In other regions away from the wall,
the distribution of the ratio (U, —U)/u” no longer depends on the nature of the wall and
hardly at all on the viscosity, hence the velocity defect law may be applied.

At a high Reynolds number, experiments have also indicated that there is a “recovery zone”
where the two laws mentioned above apply simultaneously. In this zone, the velocity
distribution obeys a logarithmic or universal law.
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*Power law

The determination of velocity distribution in turbulent flow is usually based both on logical
hypothesis and experimental verification. In fully developed turbulent flow, the time-
averaged velocity is invariant with vertical position. The independent variables that are
supposed to affect the velocity are: fluid density, dynamic viscosity of the fluid, pipe
diameter, vertical position, pipe wall roughness and average wall shear stress. Water flow
experiments by Nikuradse et al. have demonstrated that the wvelocity profile may be
approximated by a power law.

Results of experiments carried out in this study agree very well with those of Nikuradse.
The final results of regression analysis are:

U .
_ (1—‘2)/ _1‘)0.091 (2)
CL
(Re = 2x10°, arithmetic mean deviation = -1.3 %, standard deviation = 0.2 %).
WhereU : time-averaged local liquid velocity, U, : liquid velocity at pipe axis and Y~ :

y/D, normalized vertical position measured from the pipe wall.

Velocity defect law

The effect of viscosity on flow is noticeable only in the region near the wall, where the
velocity gradient is much greater than that near the pipe axis. The wall roughness, which

affects the friction velocityu” for a given flow rate, has a slight influence on the flow near the
pipe axis. It may be presumed that the difference U, —U depends uniquely on vertical

position according to the following relation:

Upee —U R
u—*—Ailoglo(y) 3)

where U . : maximum velocity attained at pipe axis = U, U : local liquid velocity, u”:

friction velocity (=4/z,/l_ ), R : pipe radius, Y : distance measured from pipe wall and A;:

unknown constant.

The wall shear stress is determined either by measured pressure drop or by existing friction
coefficient correlations (This correlation is valid for void fraction in a range of 0<a <0.5).
Our experimental results yield:

U, -U 1
—ct —~ _485log, (— ——
- 0oy @

(Re = 2*10°, arithmetic mean deviation = 19.4 %, standard deviation = 4 %).

* Universal distribution of velocities (in the neighborhood of the smooth wall, high Re)
At very high Reynolds numbers, the velocity of the mixture near the wall is independent of

pipe radius and the mean velocity at the same vertical position depends only on 7,, o and
4 . Under these conditions the experimental results show that the distribution of the velocity
may be predicted by a “logarithmic profile” :

Y Amng+B (5)
u

where :
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77:1—\2y*v—qRu* ©)

v : Kinematic viscosity of the fluid, u”: friction velocity (=( 7,/ p)"?), U : local

velocity, and R : pipe radius. A and B are determined by linear regression and Equation (5)
becomes:

Y o 207Iny+6.42 (7)
u

(Arithmetic mean deviation = -5.8 %, standard deviation = 0.2 %)

*QOther considerations
By integrating Equation (4) over the pipe cross-section, the average velocity flow is obtained:

U=U,-au (8)
Where : U average velocity in the cross-section, U, : measured velocity at the

centerline of the pipe, u”: friction velocity and a : unknown constant.
The constant “a” is determined empirically, giving the following result:

U=U,-382u" 9)
(Arithmetic mean deviation = 1.4 % standard deviation = 7.6 %).

Rewriting (4) in the form:

UEL Y o1 1-|2y" -1 (10)
u u
we obtain, by substituting U, /u” into Equation (7) :
Yo _211in (R )16.42 (11)
14

and by substituting (11) into (9) :
Y o 211in )4 260 (12)
u v

A comparison of the principal laws (Equations (2), (4) and (7)) with the literature
(Schlichting et al.) is presented in Figure 11.
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Figure 11: Verification of average velocity distribution laws in single-phase flow.

Cross-sectional distribution of liquid velocities in two-phase gas-liquid flow
a- Transverse plane

Assuming that the flow is stationary and ergodic, substitution of the average values of the
differential pressure AP and the void fraction « at a vertical position, y/D into Equation (1)

gives the average velocity of this phase; U ,,. Liquid phase velocity profiles in the
transverse plane are shown in Figure 12.a. The profiles of normalized velocity, U ,» /U ,0c

with a different flow volumetric quality,

X,=10.219, and for a range of stations, z/ D are shown in Figure 13.a. and 13.b, U ,pc
is the average velocity of the liquid phase measured at the pipe axis for a given z/D over a
range of X,. The profiles are essentially uniform at the beginning and become increasingly
asymmetrical as z/D increases.
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Figure 12: (a) Distribution of liquid phase velocity in horizontal plane; (b) Distribution of

liquid phase velocity in vertical plane.
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Figure 13: (a) Vertical distribution of ratio U, /U . at X,=0.219 and various axial locations;

(b) Vertical distribution of ratio U, /U . at 150 D axial location and various flow volumetric
qualities.

The asymmetry remains unchanged, even while the separation of the phases is in equilibrium
with the diffusion rate in the entrained phase.

For a constant water flow rate, any increase in the injected airflow rate leads to an
acceleration of the liquid phase in the upper half of the pipe, especially in the passages
containing a strong concentration of void fraction. This displacement effect of the injected air
on the flowing water is, however, much weaker in the lower half of the pipe, particularly near
the bottom. The velocity of the liquid phase in this region is smaller than that for single-phase
when the airflow rate is sufficiently low, and the two are nearly equal at high injected airflow
rates.

As the air flow rate increases, acceleration is generally more significant in the upper part of
the pipe. Ohba et al. also made this observation in their study of a vertically ascending flow;
the concentration of bubbles is greater at the periphery of the pipe as airflow rate increases.

At a constant airflow rate, an increase in water flow rate always accelerates the liquid phase.
For low water flow rates, the profiles measured upstream of z/D = 90 may be calculated (or
evaluated) using a power law. Beyond this distance, the profile form resembles that of the
void fraction.

b- Vertical plane

Liquid phase velocity distribution in the vertical plane is uniform throughout the pipe cross-
section, as illustrated in Figurel2.b.

In this plane, separation of the phases by gravity has no influence on the velocity distribution
profiles. Only turbulent diffusion of the entrained phase affects the homogeneity of the liquid
phase velocity distribution. The void fraction profile is therefore uniform, which leads to a
uniform liquid phase velocity.
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Although the void fraction has a tendency to disperse towards the wall when the air flow rate
increases, the difference between values near the wall and those near the pipe axis is not
significant, and the acceleration of the bubbles has no effect on the liquid velocity near the
pipe axis (Morgan et al. 2013).

If the void fraction distribution « is nearly constant, the liquid velocity increases as in single-
phase flow. The distribution form may be approximated using a power law as in the case of

vertical flow (Serizawa et al., Ohba et al.).

If the characteristics of the profile (U /U for example) are compared with those of single-

phase flow, the difference is very small, which agrees well with the results of Burdukov and
Valukina, (Re =13400), who used the electrochemical method to determine the velocities and
found the exponent to be between 1/6 and 1/7 (Figure 14).
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Figure 14: Vertical distribution of liquid phase velocity in small diameter pipe (5) and large
diameter pipe (present, 8.6-in. (218.44 mm)).

RESULTS AND PROPOSED CORRELATIONS

Proposed correlation

According to our observations, liquid phase velocity profiles may be approximated using a
power law, an approach that has been employed by several researchers. The analysis of
velocity profiles in the proceeding section permits deduction of the relationship:

U= f(X,, @), in which the void fraction,« is a function of the flow volumetric
quality, X, and the vertical positiony/D .

However, approximation using the power law does not seem valid except in the vertical plane
where profile symmetry exists. In addition, prediction of the liquid phase velocity of a
predominantly liquid flow may be more direct and easier to achieve if the liquid velocity of a
single-phase flow is considered as an explicit variable in the relation.

To verify this hypothesis, the ratio between the local liquid velocities of two-phase and
single-phase flow is expressed in terms of the void fraction as illustrated in Figure 15. We
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note the existence of a linear dependence between the ratio of velocities U ,, /U ,, and the
void fraction « .
Linear regression generates the following relation:

Ve _1108424 (13)

L1P
This relation is valid for all values of , 0<ea <0.5. Values calculated using this relation

are compared with experimental results in Figure 16 (arithmetic deviation =1.2 %, standard
deviation =1.1 %).

UL2P/UL1P VS ALFA

UL2P/UL1P

T T T T T
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Figure 15: Variation of ratios UL2P/ULLP in terms of void fraction.
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Figure 16: Comparison between values estimated by the proposed relation and
experimental results.
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Numerical Analysis

A force balance applied to an element in the liquid phase of a statistically steady flow yields
the equations of motion of this phase. The vertical gradient of velocity in the liquid phase is
related to the eddy diffusivity of the liquid and the interaction stress between the two phases
(Lari, K., et al., 2010).

The profile of the shear stress 7, is obtained by calculating a numerical integral over the

pipe diameter. Furthermore, in cases where the static pressure gradient is constant, a
simplified expression is obtained for a fully-developed flow.

According to Sato and Seroguchi, the shear stress of the liquid phase can be separated into
two parts, one corresponding to components of velocity due to the inherent turbulence of the
liquid only, and the other two velocity components generated by the supplementary
turbulence of liquid caused by agitation of the bubbles.

Equations of motion for two-phase dispersed bubbles flow

The governing equations for unsteady two-phase dispersed flow are given by Equations (14)
and (18) in a study by Lakis, A. A., and Trinh, N. D. (1988).

If the flow is statistically steady, the time-averaged acceleration of the fluid equals zero and
the forces acting on an element of fluid must be in balance. We then obtain Equations (19)
and (20), again referring to the above study. Further, using Equations (26) and (27) of the
same reference, the liquid phase velocity becomes:

o [ -
d @y _ 1 re— zfu ar*dr®* R d o y (14)
dr* | 1 g 2" grrges  Lidi T 22 (7 aredr
1 ZfD ar*dr z Brredre ..I:E:._ |
0 1-2 fﬁ ardrt
where Uz, is the friction velocity in two-phase flow,
* r
r=—,
R
Z2°=7IL,
@, is the non-dimensional velocity of liquid (¢, =U, /U "2 ),
€29 =6,,RU 2 (15)
. 1-a)P,
pr, = =P (16)
P.U 2p
Upp = (7 /P (17)

« is the local void fraction,

&,, Is the eddy diffusivity of the two-phase flow,
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72, 1S the wall shear stress,

P_ is the density of fluid,

P,, is the static pressure of the mixture flow.

If the flow is fully developed, all fluid variables (velocity, pressure, void fraction, etc.)
remain constant in the direction of the flow. This proposition implies that, from Equation

(27):
(] =0 (18)

d_z, vaw waw
we then have:

do, 1| 1 r?-2J; ardr*
dr*  gp| 1 —2_]1: ar*dr®
Rewriting Equation (19) by replacing the eddy diffusivity in two-phase flow (&~ 25) by the
value given in reference Sato, Y., et al., (1975), we obtain:
1 a-r"

(19)

*

I = bl-a) r"(-0.1790r" +0.1192r" + f,) ar (20)
where:
&, =(1-a)(-0.18r" +0.12r? + f,) (21)
ot KireUea 46 22)
Ru 2p Ru 2p
U2p = (2, /P )" (23)

K"is an unknown constant,

ro is the mean local velocity of bubbles (space average),

v, is the kinematic viscosity of liquid,

a is the void fraction.
Also,

a =2 J.r ar’dr’ b=1—2J.1 ar’dr’
0 0

According to the step-like arrangement shown in Figure 17.b, integration of Equation (12) in
the new coordinates allows us to obtain:

rr=|2y" -1 (24)
R
where: ==
y D
4, i * i * g o*
' 1 a.dr rdr
Ay = TR - 2
¢I ’ b(l-a) I r'(Ar” +Br +C)) I Ar” +Br +C; (25)
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where: A=-0.18, B=0.12, C, = f,.
We then obtain for fully-developed flow:

1 & 2C,
O e [F.(H.A ~H)-(Gs —G.)(a—i+o.1192)} (26)
Where: | :1,2,..., n —1

n: number of points (= number of vertical positions in the half channel (including the
centerline position) +1)

Vi K"rcU ag;
+

Ci=— N +0.06 (27)
Ru 2p Ru 2p
F. =(0.0142+0.7160C,)0.5 (28)
. 2
—0.35802y ()4 -1 +0.1192-F,
G(i)(i+1) =1In q N (l) 1‘2 (29)
—~0.35802y iy —1 +0.1192+F,
. 4
2 M+ —
H(i)(i+1) =1In N ‘ y4 2 1‘ - 5 (30)
_0.179q2y () (i+1) _1‘ +0-11942y () (i+1) _1‘ +C,
U
¢|_ = *L
u 2p
r %
TS
RN I
B b K
Dl|-=+ 0 1
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Figure 17: (a) Pipe coordinates; (b) Step-like arrangement for numerical computation of
liquid velocity and void fraction.

Distribution of liquid velocity in single-phase flow

If ; =0 , we have, according to Equation (27),
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1
¢|_1Pi = ¢L1Pi+1 + E(GI -Gi) (31)

with ¢, = U“E , and
1P

C,=—t—+0.06 (32)

*

Ru 1p
A comparison of numerical model and experimental results is given in Figures (18a and 18b)
and (19) for velocity and shear stress distributions in two-phase flow, respectively.

The graphs indicate that the numerical model offers better results in the vertical plane than in
the transversal plane.

In the transversal plane, numerical results are still comparable at low airflow rates.
Discrepancies start to appear when the volumetric quality flow X, >209%. In order to obtain

better results in the transversal plane we suggest that future formulations be based on two-
dimensional analysis of the flow and that lift, drag, and mass forces be taken into account.
The normalized Root-Mean Square Deviation (NRMSD) has been calculated (see Fig 18a
and 18b). We may conclude that in the transversal planes and in the vertical planes the
numerical results are practically similar to those of experimental in the range between 80 and
100%.

Z/D =130, Xo =.116, HORIZ, NUM

451

10- —&— Numerical —e— Numerical
o Experimental o Experimental
51 ) — — — Caorrelation
o]

00 01 02 03 04 0S5 06 07 08 09 10
Y/D

Figure 18: a) Numerical results of liquid phase velocity profiles: transversal plane.
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Figure 18: b) Numerical results of liquid phase velocity profiles: Horizontal plane.

Normalized Root-Mean Square Deviation (NRMSD):

Numerical Experimental Numerical Experimental
1-P 2-P
Curves 1-P Curves Curves 2-P Curves
X Y XY X |y X v
8'2 219 | |o28| 218 8'2 234 | |o0.28] 23.9
2'3 26 | lo031|225 2'3 242 | l031| 249
2'4 237 | lo.40| 236 2‘4 249 | |040| 252
2'5 244 | l049| 242 3'5 256 | |053] 256
2'6 243 | |os7| 243 3'5 257 | los7| 257
8'7 236 | |o66| 241 2'6 256 | |o62] 256
8'7 23 | |o0.75| 236 2'6 254 | 070|251
2'8 21.7 | |084] 225 8'7 251 | |075] 247
0.7
NRMSD=2.3 o7 |248 | 079|243
8'7 244 | |083] 233
(3)'8 234 | |oss| 227
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Normalized Root-Mean Square Deviation (NRMSD):

Numerical Experimental Numerical Experimental
1-P 2-P

Curves 1-P Curves Curves 2-P Curves
X |y XY X |y X v
éz 219 | |1.27]225 é‘z 231 | |1.25(23.3
1'3 27 | |136/237 1'3 238 | [1.36|24.8
3'4 238 | [1.40(23.9 3'3 248 | [1.39]24.9
34 244 | |1.49|245 é“‘ 255 | [1.49|25.4
%5 245 | |157|245 %‘5 255 | |1.57|255
é‘G 238 | |1.66]23.9 é‘G 249 | |1.65|24.8
é7 28 | |1.70]236 2'7 239 | |1.71|245
38 20 | [1.79]225 3'8 233 | [179]23.9

(Xo =.292 Z/D = 130, HORIZ)

(Xo = .292 Z/D = 130, TRANS)

A a(exp)

- e s a (corr)

a (corr)

NON DIM VAL

004" — —
0001 02 03 04 05 06 0.7 08 09 1.0
Y/D

00 007 02 03 04 05 06 07 08 09 10
Y/D

Transversal plan Radial plan

Figure 19: Numerical results of shear
stress distribution in dispersed bubble flow.
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CONCLUSION

One way to determine the local liquid-phase velocity is through use of a liquid isolator (or bubble
eliminator) with a miniature pressure transducer or a Pitot tube to facilitate measurement and
interpretation of impact pressure in two-phase flow. Its design takes into consideration minimum
perturbation at local measuring points and provides maximum efficiency in eliminating bubbles
along with a reasonable measuring period. Liquid phase velocity can then be deduced provided that
local liquid density is known. The reliability of this indirect method depends on the calibration
procedure.

Experimental results indicate that the velocity profiles resemble those of single-phase flow for
various chosen values of flow volumetric quality in a vertical plane.

It was also observed that the form of the velocity profiles is similar for both small and large
diameter pipes.

In the transversal plane, asymmetry of the profiles appears from X >12 % and remains unchanged
for axial locations in the range z/ D >100, where the two-phase flow is assumed to be completely
developed.

The velocity of the continuous phase (liquid) and the void fraction strongly influence phase
distribution in the pipe. The ratio of velocity in two-phase flow to that in single-phase flow was
found to be a linear function of the void fraction in the range of 0 <a <0.5.

Based on the assumption of turbulent shear stress in bubble flow given by Sato and Seroguchi et al
(1975), a numerical model was developed to predict the distribution of liquid velocity and shear
stress in dispersed bubble flow. The numerical model includes the eddy diffusivity relationship in
single-phase water flow proposed by Travis et al., the measured values of pressure drop, the mean
local velocity of the bubbles, the mean bubble diameter and the local void fraction in fully-
developed flow.

Numerical results agree well with measurements in the vertical plane. Discrepancies between
numerical and experimental results in the transversal plane were noted at flow volumetric quality
values X; = 20 %. Lift, drag and mass forces seem to be important in horizontal flow and we
suggest that these be included in future numerical analysis studies.
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