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An Experimental Study on
Air-Water Two-Phase Flow
Patterns in Pebble Beds
An experimental study was conducted on the air-water two-phase flow patterns in the bed
of rectangular cross sections containing spheres of regular distribution. Three kinds of
glass spheres with different diameters (3 mm, 6 mm, and 8 mm) were used for the
establishment of the test section. By means of visual observations of the two-phase flow
through the test section, it was discovered that five different flow patterns occurred within
the experimental parameter ranges, namely, bubbly flow, bubbly-slug flow, slug flow,
slug-annular flow, and annular flow. A correlation for the bubble and slug diameter in the
packed beds was proposed, which was an extended expression of the Tung/Dhir model,
Jamialahmadi’s model, and Schmidt’s model. Three correlations were proposed to calcu-
late the void friction of the flow pattern transition in bubble flow, slug flow, and annular
flow based on the bubble model in the pore region. The experimental result showed that
the modified Tung and Dhir model of the flow pattern transition was in better agreement
with the experimental data compared with Tung and Dhir’s model.
�DOI: 10.1115/1.4000337�
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Introduction
Single and two-phase gas/liquid flow through the porous media

omposed of stationary granular particles occur frequently in
elds of science and engineering, ranging from agriculture, bio-
edical science, mechanical engineering, nuclear engineering,

hemical and petroleum engineering to food, and soil sciences �1�.
n many of these applications, a liquid phase and a gaseous phase,
ostly a vaporous phase, are involved �2�. If they are immiscible,

ach fluid has to be treated as a separate phase �3�. In all the
nstances it is necessary to predict the designing parameters such
s friction factor, pressure drop, bubble size, void friction, flow
attern transition criteria, and heat and mass transfer coefficients
or the determination of the desired operating conditions and the
pecifications �1�. Therefore, expressions are needed for the accu-
ate prediction of these parameters in the porous media in which
he fluids flow either as single phase or as gas/liquid mixtures.

Research efforts were made to recognize the flow patterns oc-
urring when gas and liquid flow concurrently through the porous
edia �4,5�. The researchers observed different flow patterns,

amely, the homogeneous, transitional, and heterogeneous re-
imes by establishing a constant liquid flow rate through the bed
nd then increasing the gas flow rate �5–7�. Chu et al. �8,9�, based
n their visual observations in the porous media composed of
arge-sized particles �dp�6 mm�, reported a distinct change in
he flow patterns with the increase in the void fraction. Tung and
hir �7� modeled three stable flow patterns, namely, bubbly flow,

lug flow, and annular flow and two transition flow patterns along
he three stable flow patterns. And a model was proposed about
he diameter of the bubble and the transition criteria for different
ow patterns. A comparison of the model with the measured pres-
ure gradient, as well as the void fractions of the isothermal air/
ater experiments by Chu et al. �Ref. �8�� revealed a good agree-
ent with the experimental data, except that Chu et al.

xperimented on relatively larger particles �dp=5.8, 9.9, and 19
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mm�. According to Tung and Dhir’s study on the particles of dp
=5.8 mm, their model showed greater deviations for smaller par-
ticles �2�. Schmidt found that the assumption on gas bubbles in the
pores became questionable for small particles and thus proposed
some modifications to the original Tung/Dhir model for its appli-
cation to particles of small diameters. The first modification con-
cerned the diameter of the gas bubbles or the slugs and the second
the flow pattern ranges used in the Tung/Dhir model �2�.

In the present paper, the air-water two-phase flow patterns in
the bed of rectangular cross sections containing spheres with dif-
ferent diameters �3 mm, 6 mm, and 8 mm� were measured with a
high-speed video camera. The flow patterns were classified with
their interface structure. A correlation for the bubble and slug
diameter was proposed. A flow pattern map was also proposed on
the basis of the modified Tung and Dhir model of the flow pattern
transition.

2 Experimental Techniques
The present experiment aims to obtain the pertinent data on

two-phase flow parameters for the coflow through the porous me-
dia. In the experiment, the porous layers are made up of glass
particles and water and air are employed as the continuous and
discontinuous phases, respectively. A brief description of the ex-
periment is given in the following text.

2.1 Experimental Apparatus. A schematic diagram of the
experimental apparatus for coflow experiments is shown in Fig. 1.
The primary parts are a plexiglass test section, a water reservoir, a
main centrifugal pump, and two valves for the control of the mass
flow rate. Two Dwyer glass rotameters with different measure
range are used to measure the gas flow with the uncertainty of
�0.05 m3 /h and �0.03 m3 /h separately. The water flow is mea-
sured with an orifice mass flux meter with �0.5% uncertainty, the
inlet pressure of the test section is measured with a MPM498
static pressure transmitter with �0.1% uncertainty, the pressure
drop is measured with a Rosemount 3051 transmitter with �0.5%
uncertainty, and the bulk flow temperature is measured with a
T-type thermocouple with �0.1°C uncertainty. The gas-liquid
flow in the pore scale of the particles is recorded by a high-speed

video camera �Memrecam fx K3 2000 frames/s�. A zone in the
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entral part of the experimental bed with a width of 30 mm, and a
eight of 36 mm is focused. The images are transmitted for visu-
lization to a 25 frames/s video movie. Three different types of
ackings composed of glass particles were employed, the specifi-
ations of which are shown in Table 1. And the ranges of Re
umber for the air-water flow in the each test section are shown in
able 2.

2.2 Experimental Procedures. Clean particles of a given size
ere filled into the test section with a certain height. After the

ormation of the bed, a predetermined flow rate of water was
stablished through the porous layer. Thus, the packed bed was
nitially covered with water to ensure the complete wetting of the
ackings. When the liquid flow rate was kept constant at the de-
ired one, gas was introduced into the bed. The gas flow rate was
ncreased to the predetermined maximum one. On reaching the

aximum gas flow rate, the gas flow rate was reduced to a low
evel. For both maximum and the reduced gas flow rate condi-
ions, flow patterns were recorded with the high-speed video cam-
ra, and pressure drops and temperatures were measured for each
et of gas and liquid flow rates.

Experimental Results
By means of visual observation of the two-phase flow through

he test section, five different flow patterns are concluded within

ig. 1 Schematic diagram of the experimental apparatus for
oflow studies

Table 1 Specifications of the packing utilized

ase No. 1 2 3

hape Rectangle Rectangle Rectangle
aterials Glass Glass Glass

ength �mm� 181.90 311.80 361.33
idth �mm� 311.80 57.00 78.00
eight �mm� 3.95 7.90 10.53

p �mm� 3.00 6.00 8.00
0.341 0.378 0.398

able 2 Ranges of Re number for the air-water flow in the each
est section

dp
�mm�

Re

Min. Max.

3.00 521 4194
6.00 573 9152
8.00 380 14713
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the experimental parameter ranges, namely bubbly flow, bubbly-
slug flow, slug flow, slug-annular flow, and annular flow.

3.1 Bubbly Flow. Figure 2 shows the bubbly flow in the test
section composed of the particles with a diameter of 8 mm. In the
bubble regime, the liquid phase is continuous, and the gas phase is
dispersed as small or large bubbles of different shapes. At high
liquid and low gas flow rates, the gas phase is dispersed as small
nearly spherical bubbles. When the gas flow rate increases, the
bubbles become large and elongated �10�. In this regime, the tiny
bubbles pass through the pore of the bed smoothly without sig-
nificant collisions or coalescence, while the large bubbles pass
through the pore more slowly with significant collisions or coa-
lescence because they are strongly influenced by the structure of
the pore. For particles diameter smaller than 6 mm, no pure bub-
bly flow was observed.

3.2 Bubbly-Slug Flow. Figure 3 shows the bubbly-slug flow
in the test section composed of the particles with diameter of 8
mm and 6 mm, respectively. Bubbly-slug flow is the transitional
flow from the bubbly flow to the slug flow. The transition is a
smooth one, and there is a range of void fraction in which bubbles
and slugs co-exist. As a result, the bubbly-slug flow is character-
ized by the co-existence of few discrete stable slugs and a vast
number of bubbles in the continuous liquid phase. The slugs, char-
acterized by the larger size, are formed by the significant colli-
sions or coalescence of bubbles. In this flow pattern, the tiny
bubbles pass through the pore of the bed easily without significant
collisions or coalescence, while the large bubbles and slugs pass
through the pore more slowly with significant collisions or coa-
lescence because they are strongly influenced by the structure of
the pore. For particle diameter equal to 3 mm, no pure bubbly
flow and bubbly-slug flow were observed.

3.3 Slug Flow. Slug flow is characterized by the co-existence
of a vast number of discrete stable slugs and small numbers of
bubbles in the continuous liquid phase, and the slugs are packed
together more densely, as shown in Fig. 4. In this regime, the
slugs undergo even more significant and rapid collisions or coa-
lescence than the bubbly-slug flow and assume a variety of sizes
and shapes, such as triangle, semicircular, or V-shape.

3.4 Slug-Annular Flow. Figure 5 shows the slug-annular
flow in the test section composed the particles with diameters of 8
mm, 6 mm, and 3 mm, respectively. The transition to the annular
flow is also a smooth one, and there is a range of void fractions in

Fig. 2 Bubbly flow in the pebble beds composed of 8 mm di-
ameter particles

Fig. 3 Bubbly-slug flow in the pebble beds composed of 8 mm

and 6 mm diameter particles

Transactions of the ASME

 license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



w
s
c
d
r
g

c
v
f
c
r
i

i
T
t
c
p
a
�
p
a

4

r

F
a

F
m

F
m

J

Downlo
hich the slug flow and the annular flow co-exist. As a result, the
lug-annular flow, formed by the significant collisions or coales-
ence of slugs, is generally characterized by the co-existence of
iscrete stable slugs and a vast of continuous gas phase. In this
egime, the slugs or small bubbles are merged by the continuous
as phase, which has a variety of shapes.

3.5 Annular Flow. Annular flow occurs at high gas superfi-
ial velocities and within the entire range of liquid superficial
elocities. As shown in Fig. 6, in the annular flow, a liquid film is
ormed at the surface of the particles, while the continuous gas
ore flow cocurrently with the liquid phase. At very high gas flow
ates some liquid is conceived to be detached from the liquid-gas
nterface and appears as entrained droplets.

Thus it is concluded that the bubble transformation mechanism
s closely related to the pore structure, as well as the bubble size.
he gravity exerts significant influences on the bubble transforma-

ion behavior �11�. During the experiments, it is discovered that a
ertain number of bubbles get trapped in the interstitials of the
articles. These bubbles fail to move with the flow and constitute
n inactive void fraction in the particulate bed. Holocher et al.
12� presented a kinetic model for dissolved gas transport in a
orous medium, including interphase mass transfer with entrapped
ir bubbles.

Theoretical Model and Discussion

4.1 Void Fraction. A correlation for the slip ratio, S, can be
epresented as �13�

S = 1 + B1� y

1 + yB2
− yB2�0.5

�1�

y = �1 − ��/� �2�

ig. 4 Slug flow in the pebble beds composed of 8 mm, 6 mm,
nd 3 mm diameter particles

ig. 5 Slug-annular flow in the pebble beds composed of 8
m, 6 mm, and 3 mm diameter particles

ig. 6 Annular flow in the pebble beds composed of 8 mm, 6

m, and 3 mm diameter particles
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� = jg�/�jg� + jl�1 − ��� �3�

B1 = 1.578 Rel0
−0.19��l/�g�0.22 �4�

B2 = 0.0273 Wel0 Rel0
−0.51��l/�g�−0.08 �5�

From what is mentioned above, the void fraction can be deter-
mined by

� = 1/�1 + ��1 − ��/��S� �6�

Bao et al. �14� compared the above correlation with their micro-
channel void fraction data and reported a relatively good agree-
ment. This void fraction method mentioned above is employed in
the present study for the calculation of air/water two-phase flow
void fractions applicable to the experimental ranges. The result
shows that it fits the present experiment well.

4.2 Bubble and Slug Size. At low gas velocities, a homoge-
neous flow pattern prevails, and the tiny bubbles pass through the
bed without significant collisions or coalescence. Since they flow
practically at the same velocity as the liquid phase, the additional
turbulence due to the second phase is minor. In this regime, the
bubble diameter is generally determined by the pore size, the sur-
face tension, and the buoyancy �1�

Db = 0.09� dp � �

g��l − �g��1/3

�7�

In view of the similar consideration, in the work of Tung and Dhir
�7�, the value of Db is taken as

Db = 1.35� �

g��l − �g��1/2

�8�

where the constants of proportionality in the above two equations
�0.09 and 1.35� are determined from photographs taken during the
experiment. The slug length, on the other hand, is dependent on a
delicate balance between the inertia forces, which tends to break it
up, and the surface tension force, which tends to hold it together.
A detailed analysis of the slug length is beyond the present study.
Therefore, the length of the slug will be taken as �1,7�

Lb/Db 	 6 – 10 �9�

As is mentioned above, Tung/Dhir model shows greater devia-
tions for smaller particles. Given the diameter of the gas bubbles
used by Tung and Dhir, this discrepancy is acceptable. Putting the
value of the density difference between air and liquid, as well as
the surface tension, into Eq. �8� yields a bubble diameter of Db
=3.75 mm. Thus, the applied bubble diameter becomes larger
than the pore diameter Dpore for small particles, which is contrary
to the geometric ideas of the model. Additionally, the assumption
about the gas bubbles in the pores becomes questionable for small
particles. This leads to some modifications of the original Tung/
Dhir model for the application of smaller particle diameters �2�.
Based on the assumption of a cubic distribution of spherical par-
ticles and the present experiment, and in order to establish a con-
nection with the original Tung/Dhir model, a modified bubble
diameter is defined for convenience by

Db
m = min
1.35� �

g��l − �g��1/2

,0.09� dp � �

g��l − �g��1/3� �10�

Therefore, there exists a critical particle diameter dc. For air-water
two-phase flow at 30°C, dc=9.22 mm. When the particle diam-
eter is larger than dc, the bubble diameter can be assumed to be
constant.

4.3 Bubbly Flow. When the bubbles move along the surface
of the particles, the number of bubbles per unit volume of the
porous layer is given by the references �7,14�
N = ��/Vb �11�

APRIL 2010, Vol. 132 / 042903-3
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� = NVb/� �12�
t low void fractions the flow configuration is characterized by

he motion of discrete bubbles. Although continuous breakup and
eformation of the bubbles take place, the bubbles can be assumed
o be superficial in shape with an average diameter Db �7�. At a
igher void fraction �1 the bubbles merge to form slugs.

When dp is larger than dc, bubble diameter is nearly constant;
s a result, both the volume of bubble Vb and the number of
ubbles per unit volume of the porous layer are constant. So in
erms of the Eq. �12�, it is concluded that the void fraction �1 is
onstant.

When dp is smaller than dc, as is shown in Fig. 7, the pore
iameter, which is determined by the particle size, exerts signifi-
ant influence on the bubble diameter which is determined by the
q. �7�. Thus the bubble volume is

Vb =
	

6
Db

3 = 7.29 � 10−4 ·
	

6

�dp

g��l − �g�
�13�

s shown in the Fig. 7, when dp is smaller than dc, the pore region
ormed by four particles is filled out by the bubble, so the bubble
iameter is nearly the same as the pore diameter. And the pore
olume can be calculated by the Eq. �14�

Vpore 	 0.026 � dp
3 �14�

ccording to the bubble model shown in the Fig. 7, it can be
ssumed that the number of bubbles per unit volume of the porous
ayer is constant. Casting the Eq. �12� in terms of the bubble
olume Vb with the Eq. �13�, it is concluded that the void friction
s proportional to the particle diameter dp

�1 = 7.29 � 10−4 �
	

6

N

�g��l − �g�
dp �15�

he average bubble size at the inlet of the porous can be assumed
s constant, which can be calculated by the Eq. �8�. The bubbles
ould be elongated when the pore size is smaller than the bubble

ize. Here we assume that the bubble diameter is equal to the
quivalent pore diameter when the bubble is elongated. Thus, the
olume of the bubble is

Vb = 	/6Db
3 = 	Dpore

2 Lb/4 �16�

or slug flow, its bubble length Lb is roughly equivalent to the
article diameter. Casting Lb=Db in terms of the Eq. �14� and Eq.
16�, the particle diameter, dp, is equal to 6.38 mm. As a result, for
articles diameter smaller than 6.38 mm, no pure bubbly flow
ould be observed, which agrees with the present experimental

esult.

4.4 Slug Flow. As the void fraction increases the slugs are
acked together more densely. However, there is an upper limit
alue �3, beyond which the slugs will merge to form continuous
as paths. At this void fraction the transition to the annular flow
ccurs. In obtaining the void fraction corresponding to this tran-
ition it is conceptualized that the slugs are replaced by the
pheres which fill up the pores. The number of slugs per unit
olume of the porous layer is given by reference �7�

N =
�3�

�17�

Fig. 7 Bubble model in the pore region
Vs
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�3 = NVs/� �18�

When dp is greater than dc, the slug diameter tends to remain
constant; as a result, both the volume of slug Vs and the number of
slugs per unit volume of the porous layer are constant. So in terms
of Eq. �18�, it is concluded that void fraction is constant. While dp
is smaller than dc, the pore diameter, which is determined by the
particle size, has significant influence on the slug diameter, which
is determined by Eq. �7�. The slug volume is calculated with Eq.
�19�.

Vs =
	

6
Db

2Lb �19�

When dp is smaller than dc, the pore region is filled up by the slug,
so the slug diameter is nearly the same as the pore diameter.
Therefore, it can be assumed that the number of slugs per unit
volume of the porous layer is constant. Casting the Eq. �18� in
terms of the slug volume Vs, it is concluded that the void friction
is proportional to the particle diameter dp.

4.5 Bubbly-Slug Flow. Bubbly-slug flow is the transition
from the bubbly flow to the slug flow. At void fraction �1, some
bubbles start to merge into slugs. The transition from the bubbly
to the slug flow, however, is a smooth one and there is a range of
void fraction in which bubbles and slugs co-exist. The upper
bound of this region can be obtained by assuming that the transi-
tion is complete when the void fraction corresponds to the lightest
packing of slugs �7�. As a result, the mentioned characteristics
above of the bubbly flow and the slug flow are similar to those of
the bubble-slug flow: when dp is greater than dc, the void fraction
�2 is constant; when dp is smaller than dc, the void friction is
proportional to the particle diameter dp.

4.6 Annular Flow. At the void fractions higher than �4, the
slugs merge thoroughly to form continuous gas flow paths. For
this reason, it is assumed that the diameter of the continuous gas is
nearly the same as the diameter of the slugs. The liquid then flows
along the surface of the particles in the form of a thin film. At very
high gas flow rates it is conceivable that some liquid is detached
from the liquid-gas interface and appear as entrained droplets,
which occurs at void fractions very close to unity. Therefore, in
the present model, the annular flow is assumed to persist up to
�	1 �7�. Based on the above assumption, the same conclusion is
made that when dp is greater than dc, the void fraction �4 is
constant; when dp is smaller than dc, the void friction is propor-
tional to the particle diameter dp.

4.7 Slug-Annular Flow. Departure from the slug flow occurs
at void fraction �3. The transition to the annular flow is also a
smooth one with an upper bound �4. The void fraction is �4 taken
to be one corresponding to the densest possible packing of the
pore space by the equivalent spheres. The densest packing occurs
when the equivalent spheres are distributed in a rhombohedra ar-
ray, i.e., slugs have to merge thoroughly if more gas is present in
the pores �7�. As a result, the mentioned characteristics above of
the slug flow are similar to those of the slug-annular flow: when
dp is greater than dc, the void fraction �3 is constant; when dp is
smaller than dc, the void friction is proportional to the particle
diameter dp.

4.8 Flow Pattern Map. Based on the above discussion and
the work of Tung, Dhir, and Schmidt, the modifications to the
flow pattern given by Schmidt �2� are shown in Fig. 8 by the solid
lines. As can be seen, the flow pattern is well predicted by the
modified Tung/Dhir model �15�.

5 Conclusion
A correlation for the bubble and the slug diameter in the pebble

beds is proposed. This correlation is an extended expression of the

Tung/Dhir model, Jamialahmadi’s model �1� and Schmidt’s model
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2�. Three correlations are proposed for the calculation of the void
riction of the flow pattern transition in bubble flow, slug flow, and
nnular flow based on the bubble model in the pore region. The
xperimental results show that the modified Tung/Dhir model
grees well with the present experiment. The void fraction method
erived by Premoli et al. �13� is used for the calculation of air/
ater two-phase flow void fractions covering the entire experi-
ent range. The result shows that this method fits the present

xperiment well.

cknowledgment
This work was financially supported by the National Nature

cience Foundation of China for Creative Research Groups under
he Contract No. 50821064.

omenclature
dc 
 critical particle diameter, m
de 
 equivalent particle diameter �6Vp /Sp�, m
dp 
 particle nominal diameter, m
ds 
 equivalent volume sphere diameter

��6Vp /	�1/3�, m
D 
 diameter of column, m

Db 
 bubble or slug diameter, m
Dpore 
 equivalent pore diameter ��6Vpore /	�1/3�, m

j 
 superficial velocity, m/s
L 
 length of slug, m

Rel0 
 Reynolds number when all fluid is liquid,
�Rel0=GD /�l�

S 
 slip ration
Vb 
 volume of bubble, m3

Vpore 
 volume of single pore, m3

Wel0 
 Weber numbers when all fluid is liquid, �Wel0
=G2D / ��� ��

Fig. 8 Flow pattern map of the modified Tung/Dhir model
l

ournal of Engineering for Gas Turbines and Power

aded 02 Jun 2010 to 171.66.16.96. Redistribution subject to ASME
Greek Letters
� 
 void fraction
� 
 volume void fraction
� 
 porosity
�̄ 
 average bed porosity
� 
 surface tension of water,

�� 
 dynamic viscosity of a-phase, Pa s
�� 
 density of a-phase, kg /m3

Subscripts
� 
 gas or liquid phase
b 
 bubble
g 
 gas phase
l 
 liquid phase
p 
 particle
s 
 slug
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