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Abstract—Microstructure was studied experimentally in air-water two-phase bubbly flow fiowing upward ina
vertical pipe of 60 mm diameter under atmospheric pressure. The results indicate that over a large portion of
fully-developed bubbly flow the phases, the velocities of bubbles and water, and the ratio between the velocities
of the phases have fairly flat radial profiles. In the wall region a maximum void fraction was observed. Spectra
of the velocities of bubbles and water showed a Poisson distribution and a normal distribution function,
respectively. The experimental evidence indicated a trend for the turbulent intensity to decrease first with
increasing gas flow rate for constant water velocity and to increase again with a further increase in the gas flow
rate. This phenomenon was more significant for a higher water velocity.

INTRODUCTION

Bubbles suspended in liquid undergo various phenomena too complex for mathematical
formulation. Complicated interactions like collisions and coalescences between adjacent bubbles,
interactions between bubbles and the pipe wall, and transfiguration of bubbles affect the local
conditions of the flow field, causing fluctuations in static pressure and in velocity, violent turbulent
motion of the liquid etc. The resultant variation of the flow field induces the change of bubble
motion, and this may result ultimately in either more violent fluctuation or heterogeneity of the
flow. Much effort has been spent analytically (Brandt 1958; van Deemter 1961; Vohr 1962; Lamb &
White 1962; Levy 1963; Brown & Kranich 1968), but such models cannot represent the flow
situation as it actually exists and can be applied only to well-defined or strictly limited flow
conditions.

On the other hand, though a relatively large amount of experimental work has been performed
as to the structure of bubbly flow with many different gas-liquid systems, comparisons of the
results of many studies provide little in the way of common basic information which presents an
insight into the physical phenomena. This follows partly from the fact that such studies were
confined to the measurements of only one or two parameters under different flow conditions, and
partly from the perplexing statistical nature of the random fluid motions induced by bubbles
moving in random manner. Thus, even the basic knowledge about the mechanism of this complex
flow is still very limited, although gas bubbles in liquid are a very familiar sight.

The most significant and essential parameters associated with this flow pattern are the
distribution of gas and liquid phases, the bubble velocity and its spectrum, the liquid velocity and its
fluctuating terms, the bubble size distribution, the bubble transit frequency, the rates of turbulent
diffusion of mass, momentum or heat, shear stress etc. These variables are able to describe the local
flow conditions of the steady-state bubbly flow, both qualitatively and quantitatively. Hence,
accurate information about such flow variables and the generalized relationships among them are
quite necessary to understand the turbulent transport phenomena of two-phase bubbly flow as they
actually exist.

The present work is an experimental study of variots local parameters and some of the
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turbulence characteristics of cocurrent air-water two-phase bubbly flow, flowing upward in a
vertical circular tube of 60 mm i.d. under nearly atmospheric pressure. Emphases are put on the
following:

(1) Measurment of the local parameters.

(2) Clarification of the entrance effect upon the flow.

(3) Description of some statistical characteristics of air~water flow.

{4) Obtaining the basic information about the turbulent transport process in air-water bubbly
flow.

(5) Finding generalized correlations among those parameters.

(6) Development of an appropriate model based upon a diffusive nature of bubbles suspended in
turbulent flow.

EXPERIMENTAL APPARATUS AND PROCEDURE

A schematic diagram of the experimental facility is presented in figure 1. The 2100-mm
long vertical smooth test section is divided into three parts which are made of 60 mm inside
diameter Lucite tubing. A Lucite chamber with mounting studs for probe equipment was used for
the convenience of probe installation. A 220-mm long Lucite calming section was used between the
mixer and the test section, whose upstream inside diameter was 104 mm and the downstream inside
diameter 60 mm. Air entered through the 17-5 mm i.d. pipe at the bottom of the mixer and merged
with the water stream through a series of 84 holes of 1-5 mm diameter, spaced along the periphery
of the 427 mm o.d. pipe. A 150-mesh stainless steel screen was placed as a bubble diffuser between
the mixer and the calming section.
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Figure 1. Schematic diagram of experimental facitity.

Tap-water was circulated from the upper tank through the loop by means of a pump, being
degassed at the lower plenum. The water flow was controlled by a valve and measured by a turbine
flowmeter. The air flow was measured by means of a rotameter. The metered streams of air and
water were fed to the bottom of the test section, and the resulting two-phase mixture flowed up
through the test section and into the separator where the air was liberated to the atmosphere.

Measurements were performed at three axial positions, Z/D = 10, 20 and 30. The probes were
radially traversed every 1 or 2mm from r/R = —0-98 to + 0-98 (r/R = +1-0 and — 1-0 represent
the positions on the inner surface of the pipe on either side of the mounting studs for probes,
respectively). The ranges of the flow variables covered in this experimental study were: superficial
water velocity Vo= 0-30 to 1-03 m/sec, quality X = 0-0085 to 0-0900 per cent, water temperature
T, = 291 to 295°K,, system pressure P =0-11 MPa absolute, and mean bubble diameter d =4 mm.
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EXPERIMENTAL RESULTS AND DISCUSSIONS
Flow pattern map
Flow patterns were determined both by visual observation and by recorded signals of three
resistivity probes located at the pipe center at Z/D = 10, 20 and 30. Three types of flow patterns
were defined, i.e. bubbly flow, bubble-to-slug transition flow, and slug flow. Figure 2 shows the flow
pattern map in the form of the superficial water velocity vs quality diagram.

Entrance effects on development of two-phase flow

To provide sufficient information to evaluate the effects of a sudden geometry change of flow
area, or of the entrance effect on two-phase flow development (needed for a detailed inspection of
the experimental results) measurements of axially changing profiles of the local void fraction, local
mean bubble velocity, and the standard deviation of the bubble velocity spectrum were performed
at three axial positions, Z/D = 10, 20 and 30.

Typical results are presented in figure 3, showing void fraction and bubble velocity profiles
measured by a cross-correlation technique. It can be seen from this figure that the profiles of the
local void fraction and local mean bubble velocity are clearly changing as the flow enters the test
section, and that the axial symmetry in both profiles is very poor at Z/D = 10, comparatively good
at Z/D =20, and is reasonably satisfied at Z/D = 30. The results of the relative standard deviation
of bubble velocity spectrum are demonstrated in figure 4. It should be noted that in the bubbly flow
region the relative standard deviation is nearly uniform across the tube (s/V, =0-1 to 0-2) and is
smaller for a larger downstream distance. In transition and slug flows, the results indicate a larger
value (s/V, = 0-2 to 0-3) than in bubbly flow, with a trend to larger values in the core region of the
flow and smaller values in the wall proximity. However, its profile does not present a further
significant axial change.
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Figure 2. Flow pattern map.

Figure 3. Entrance effectupon flow arrangement.

All these experimental trends reveal that nearly fully-developed flow is already attained at
Z|D =30for bubbly flow, whereas in transition and slug flows, the entrance length is less than 30D.
This is perhaps because in bubbly flow, the flow perturbation occurring at the entrance to the test
section overcomes the intrinsic turbulent characteristics of the flow. On the other hand, in both
transition and slug flows, violent mixing actions of the flow may precipitate the flow arrangement.
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Figure 4. Entrance effect upon flow arrangement.

Profiles of void fraction and bubble impaction rate

The local void fraction and bubble impaction rate were measured by means of a void probe at
the upper part of the test section, Z/D = 30, where fully-developed flow was already established.

Examples of the local void fraction distribution obtained are shown in figure 5. They show that
the distribution of the void fraction is a strong function of the flow pattern and changes from a
saddle shaped distribution to a parabolic-shape as the gas flow or the quality increases at constant
water velocity. A saddle shape distribution corresponds to bubbly flow, and a parabolic-shape
distribution to slug fiow. The peaking phenomenon of the local void fraction was observed in the
vicinity of the pipe wall commonly in the low quality region. The effect of increasing quality at
constant water velocity is to decrease the peak value of the void fraction near the wall relative to
the value at the pipe center. This peak exists at the position away from the wall by a distance of
nearly one mean bubble radius. A similar trend in the void fraction profile has been reported by
many other investigators for air-water (Malnes 1966; Kobayashi et al. 1969; Aoki et al. 1969:
Sekoguchi et al. 1972), steam-water (Kazin 1964), and gas—-mercury flow (Neal 1963; Tamao 1970).
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Figure 5. Void fraction profiles. Figure 6. Bubble impaction rate profiles.
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Typical bubble number distributions are presented in figure 6 in terms of bubble impaction rate.
Similarly to the void fraction distribution, the bubble number distribution is saddle shaped in
bubbly flow, whereas it is parabolic-shaped in slug flow. The peaking phenomenon near the wall
was also observed corresponding to that in the void fraction distribution. This bubble trapping is
mainly due to the effects of the hydrodynamic forces acting on a bubble such as the Magnus force
and Zhukovski force, and partly due to the interactions between bubbles and the wall, such as
adherence or reflection of bubbles at the surface of the wall. These hydrodynamic forces and the
wall effects must be studied further (Rouhani 1974).

Bubble velocity and its spectrum

The bubble velocity spectrum was measured using a double sensor probe by multichannel
technique. The measuring time interval was 3 to 20 min according to the number of bubbles passing
over the measuring station, giving the results a statistical meaning. Typical spectra obtained at the
pipe center are given in figure 7 for several qualities. Solid lines drawn for each spectrum represent
Poisson distribution functions fitted to each spectrum (Petrick 1962). These representations
indicate that the bubble velocity spectrum at the pipe center can be well approximated by a Poisson
distribution for bubbly fiow, while for slug flow it tends to deviate from that distribution due to the
slugs flowing at higher velocities than smaller bubbles. In bubbly flow the shape of the spectrum did
not change significantly either along the flow direction or in the radial direction.
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Figure 7. Bubble velocity spectrum (at #/R = 0).

The local mean bubble velocity was calculated from the bubble velocity spectrum according
to[4] in the previous paper, and are presented in figure 8. From this figure, it may be concluded that
the bubble velocity distribution can be approximated by the power law expression similar to the
normal turbulent velocity profile.

Also from figure 8, the relative standard deviation of the bubble velocity spectrum shows a
fairly uniform distribution over a large portion of the flow area, except for the wall region. In
bubbly flow, the value s/V, generally increases with increasing quality for constant flow rate of
water. This is partly due to a change in the mixing actions of the liquid caused by more densely
concentrated bubbles (the turbulent intensity of the flow does not necessarily increase linearly with
an increase in quality, figure 12), and is partly due to the more effective interactions between
bubbles. The effect of increasing water velocity for constant quality is to decrease the bubble
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Figure 8. Bubble velocity and its relative standard deviation.

velocity fluctuation. This may be explained as follows. As the water velocity is increased, the
fluctuating motions of bubbles suspended in the stream become relatively suppressed by the
intensified inertial force of the water (in the present experiment, the bubble size did not vary
significantly with a change in water velocity).

The local relative velocity of bubbles V,(r) and the local velocity ratio Si..(r) are defined,
using ensemble-average local mean bubble velocity V.. (r) and time-average liquid velocity V.(r):

V(r)y= Vu(r)y= Vir). [1]
Sioe(r) = V(1) Vi(r). [2]

Typical results are represented in figure 9. In bubbly flow the result shows nearly uniform
distributions of the velocity ratio (the so-called slip ratio) and the inflated distribution of the relative
velocity. As the quality increases at constant water velocity, the relative velocity generally
increases and its profile becomes sharper. An effect of the flow pattern upon the relative velocity
seems to exist, but details could not be clarified.
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Figure 9. Localrelative velocity and local slip ratio.

Water velocity and its spectrum
The liquid velocity profile plays a decisively important role in characterizing the flow structure.
Such information is definitely required for two-phase flow investigation. Following Delhaye (1969)
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using a hot-film anemometer and a 400-channel analyzer, the profiles of the water velocity and the
corresponding longitudinal turbulent intensity were measured.

Typical water velocity spectra are given in figure 10 for several radial positions. By taking
account of the additional background component due to bubble passages (see the previous paper),
it may be realized from this figure that the water velocity spectrum can be well approximated by a
normal distribution function. This fact, coupled with a Poisson distribution of the bubble velocity
spectrum, implies that the water velocity fluctuates independently of the velocity of the leading or
the following bubbles whose momentum is sufficiently small.
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Figure 10. Water velocity spectrum. (Bubbly flow: V, = 0-88 m/sec, X = 0-0300%, Z/D = 30.)

Figure 11 shows the water velocity profiles deduced from the water velocity spectrum. As the
quality is increased in the low bubble density and high water flow rate region from zero up to below
a certain value determined by water flow rate, the water velocity profile changes from the normal
turbulent velocity profile, i.e. 1/7-power law, to a plug-shaped profile (nearly uniform distribution).
The water velocity near the pipe axis is sometimes lower than in single-phase water flow. The
dominant flow pattern in this quality range is bubbly flow of lower void fraction. When the gas flow
is significantly increased, the profile changes from a flat distribution to a dome-shaped one with a
maximum at the pipe center. Concurrent with this change, the flow pattern changes from bubbly
flow to slug flow. No significant peaking near the wall was observed in any experimental run. The
flat profile of the water velocity is perhaps due to the acceleration effect of more densely
concentrated bubbles near the wall.

Profiles of the relative turbulent intensity I,( = \/1;_;/ V) are shown also in figure 11. The value
I, generally increases toward the wall and has a minimum at the pipe center. In bubbly flow a
uniform distribution of the relative turbulent intensity was observed, especially for a higher
superficial water velocity.

Profiles of the longitudinal turbulent velocity V'u? are indicated in figure 12. In bubbly flow of
lower void fraction, the turbulent velocity also distributes uniformly, and it exhibits, in some cases
of higher water velocity, somewhat lower values than those obtained in single-phase water flow.
This is an interesting phenomenon which is contrary to our intuition that the flow should be more
strongly disordered by introducing the agitating bubbles into the stream. A similar effect upon the
turbulent intensity or its energy spectrum by introducing solid particles of small size into a liquid
stream has been reported in detail by Hino (1967). This phenomenon in bubbly flow may be
ascribed to the competition among the following effects and others:
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Figure 11. Water velocity and relative turbulent intensity.
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Figure 12. Longitudinal turbulent velocity of water.

(1) Decrease in the effective volume of the liquid phase for energy dissipation due to the volume
occupied by the suspended bubbles—this effect is to increase the turbulent intensity.

(2) Work done for floating the bubbles-—this effect serves to reduce the turbulent intensity.

(3) Energy dissipation associated with the lateral relative motions or rotations of bubbles—the
turbulent intensity may be decreased in order to supply this energy dissipation.
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(4) An energy-absorbing character of bubbles—bubbles may act as a kind of energy absorber.
The turbulent energy obtained from the liquid may be dissipated by the circulating motions of the
gas within bubbles or by the hydrodynamic motions of bubbles other than those described in (2yand
(3). Many corrugations of various shapes observed on the surface of every bubble, as seen in figure
16, appear to verify this argument.

Hino suggested that the elongation of the mixing length might follow a decrease in energy
production at constant radius. However, figure 13 cannot give any direct experimental verification
to the validity of his argument. (This mixing length shown in figure 13 was evaluated by employing a
mixing length concept, and 7 is the shear stress. Details should be referred to the following paper.)
More detailed and pertinent studies are strongly needed for more accurate and realistic
interpretation of this phenomenon.
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Figure 13. (a) Turbulent energy production in bubbly flow.  Figure 13. (b) Turbulent energy production vs mixing length.

Empirical relationships between variables

In the foregoing paragraphs, the important variables specifying an air-water two-phase bubbly
flow have been discussed individually. All these variables affect each other in a very complicated
fashion. To draw any general conclusions it is necessary to obtain a sound insight of the physical
picture of the flow mechanism.

Figure 14 gives correlative representations of the empirical relationships among local
parameters. As seen from this figure, in bubbly flow the radial variations of all the representative
parameters are uniform over the central core region of |r/R|<0-7 to 0-8, where the turbulent
transport in the radial direction is evaluated to be overwhelmingly predominant due to the
continuous stirring effects of small bubbles. In the outer region of the flow where direct viscous
effects are still negligibly small, almost all parameters either increase or decrease rapidly with
radius because of the wall effects.

Some statistical properties of bubble behavior

A study of the statistical nature of bubble motion is also required from a viewpoint of a bubble
diffusion model. Here, we discuss briefly the experimental results of the Eulerian auto-correlation
function of the phase change detected by the void probe, bubble size distribution, and the
distribution of the time interval between bubble transits or bubble impingements on the void probe.

In the bubbly flow region, the auto-correlation function of the phase change decreased nearly
exponentially with time lag independently of the position of the probe in the stream. In transition
and slug flows, the periodic occurrence of slugs deviates this function from an exponential shape,
and the function incurs naturally an increase at large values of time lag. This characteristic
deviation of the function may serve as a means for distinguishing bubbly flow from others.



244

AKIMI SERIZAWA et al.

Qioc, IiL1g

Vo= 0.74
X=0.0119 %
ZiD=30

mis

0000000-0-0004

|

]

riR
(A) Bubble Flow

Q3]

i I
Vez1.03  mis
X 200427 %
2/D=30 !

E4
CRE S 3
i T :
= £
¢ 3 V=103 miss g
. T |9 X =0034 . fal
> geq oaf 2/D=30 20
2z
s | | o Vo
L
s “edas {V‘ 15
& N
g —*—b*—ﬁ-'ﬁ\s
toc
1.0 A4 Q2P 1.0
o Qioc
fSIm
a5 2{ @ Ig 05
it Iy
Qioc l
0 od 0-10 4 o 0
: riR
{B) Bubble Flow
e =] W=103 mis )
£ o ly] x=0081 % £
= { K e
£ 3 2/D=30 *
Vo {20% Se odb {20%
o
4 3 &
[=]
(=3
X
z
W 15 "6 415
]
Stoc B
Qloc
0 . *1,0
i
s 05 24 405
It
0 04 0

riR
{C) Transition Flow

(D} Slug Flow

Figure 14. Correlative representations of various local parameters.
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Figure 15 indicates a typical histogram of the time interval between bubble impingements on the
void probe. From this figure, it is realized that the temporal distribution of the bubble transit in
bubbly flow is well approximated by a Poisson distribution function (broken line in the figure).

The equivalent-spherical-diameter of bubbles was obtained from bubble photographs with a
planimeter. The resulting bubble size distribution presented a trend similar to a normal distribution
function. In all experimental runs in bubbly flow, the mean bubble size was between 3-5 to 4 mm in

equivalent-spherical diameter, regardless of the water velocity and the quality.
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Figure 16. Typical bubble photograph. (Bubbly flow: V, = 0-74 mfsec, X = 0-0119%, Z/D = 22-5).

CONCLUSIONS

A considerable amount of information has been obtained on the turbulence structure of
air-water two-phase bubbly flow in a pipe, which gives a correct physical picture of the flow.

The experimental results indicate that over a large portion of any cross section in
fully-developed bubbly flow region, most of the various local parameters are uniformly distributed
in the radial direction. This may support the validity for applying a homogeneous flow field to an
air-water bubbly flow of small quality. Uniform distributions of the local parameters follow from
the intensified turbulent transport of the transferable quantities. On the other hand, in the outer
(wall) region of the flow, wall effects appear in maxima of the local void fraction and bubble
impaction rate. These wall effects need to be studied in further detail.

The statistical character of bubble rise velocity and the water velocity was studied. Spectra of
the bubble velocity and the water velocity showed a Poisson distribution and a normal distribution
function, respectively. A particularly important and interesting phenomenon was found for the
turbulent intensity. The experimental evidence indicated a trend for the longitudinal turbulent
intensity to decrease with increasing gas flow rate for constant water velocity, and then increase
with a further increase in the gas flow rate. This phenomenon was stronger for a higher water
velocity. However, this peculiar phenomenon could not be satisfactorily clarified; the corrugated
surface of bubbles observed by photographs gives some useful suggestions to aid in understanding
the physical picture of flow turbulence in gas-liquid two-phase bubbly flow.

Additional data on the entrance effects upon the flow arrangement, Eulerian auto-correlation
function of the phase change, time interval between bubble impingements on the void probe, and
bubble size are also obtained and summarized.
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Auszug—Die Mikrostruktur einer vertikal aufwaertsgerichteten Zweiphasenstroemung von Luftblasen und
Wasser, in einem vertikalen Rohr von 60 mm Durchmesser, wurde experimentell untersucht. Ueber den
groessten Teil aller Querschnitte in voll ausgebildeter Zweiphasen-Blasenstroemung ergaben sich ziemlich
flache radiale Profile der Phasen, der Blasen- und Wassergeschwindigkeiten, sowie des Verhaeltnisses der
Phasengeschwindigkeiten, waehrend in Wandnaehe ein maximaler Blasenanteil zu beobachten war. Spektren
der Blasen- und Wassergeschwindigkeiten zeigten beziehungsweise Poissonsche und Normalverteilung. Bei
Versuchen mit konstanter Wassergeschwindigkeit sank die Turbulenzintensitaet mit wachsendem
Gasdurchsatz zunaechst ab, um bei seiner weiteren Steigerung wieder zuzunehmen. Diese Erscheinung war
umso ausgepraegter, je groesser die Wassergeschwindigkeit war.

Pestome—bblTa 3KCTIEPAMEHTANBHO H3y4YeHa MHKPOCTPYKTYPAa BOIO-BOZAYIIHOTO IBY(Ha3HOro
y3BIPBKOBOTO TEYEHHS, BOCXONSMIEr0 B BePTHKANBLHON 60-THMH/IEMETPOBOH Kkpyrno# Tpybe
HAXOISILErocs MO aTMOCHEPHBIM JaBICHHEM. Pe3ylbTaTsl NOKA3pIBAIOT, YTO B 3HAYHTENBHOH
4aCTH IPOU3BOIBLHOTO NONEPEYHOTO CEYECHAS IIOTOKA CKOPOCTH [y3BIPHKOB M BO/IbI, KAK M OTHOIIEHHE
CKOpOCTeit 3THX (ae HMEIOT BIIONIHE IUIOCKME PAAHATbHEIE TPOGUIH, B TO BpeM# KaK B MPHCTEHOUHOH
o6nacTd HabIIONEH MaKCHMyM IyCTOTHOH ¢pakimu. CHEeKTIPbl CKOPOCTeil Ny3BIPBKOB M BOJBI
HOMYMHSAIOTCA pachpennenuio IlyaccoHa H HOPMAIbHOMY DaclpeleNeHHIO COOTBETCTBEHHO.
JKCIIepHUMEHTH! CBHAETENLCTBYIOT, 4TO CTemeHh Typbynuzandu uMeeT TEHAEHLHMIO BHAYAIE INOHH-
3UTBCA C yBE/IMYECHHEM CKOPOCTH TOKA Ta3a IPH NOCTOSHCTBE CKOPOCTH BOZBI, & 32TEM YBEJIHYATBCS
[pH JaibHeHAIIEM BO3PACTAHMA CKOPOCTH ra30BOrO TOKA. DTO sBJIEHHE CKA3LIBACTCA 3HAYHTENbHEE
npy GoJsiee BBICOKHX CKOPOCTAX BOZBI.



