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3. Analytical Model

For comparison with the experimental results, the theoretical flooding curves will be derived to
show the curves as functions of the gas and liguid superficial velocities. Barnea et al. [7] presented a
model based on a local disturbance generated at the liquid entrance. The model will be modified for
this study.The flow phenomenon which is used as the basis for the calculation is shown in Fig. 3.
Water is ejected through the water inlet section in the radial direclion. The water film thickness at this
position, therefore, increases and the air passage is restricted. Because the water flow along the
inclined pipe is acceteraled by gravity, the film thickness is gradually decreased until an equilibrium
film thickness is reached. The reduction of the cross sectionat area of air flow caused by large film
thickness at the water inlet section creates higher air flow in the vicinity of this position and lead to the
blowing up of the wave crests. At first, consider the specific energy which is defined as the energy of
the fiuid referred to the bottom of the channel as the datum. The specific energy, E at any section is
given by
(@4

2g
i the specific energy equation is differentiated and set equal to zero, critical velocity is obtained; then
dE__ Q' A _ ,

dy  gA*dy
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Because the pipe is inclined, the above equation is , therefore, modified to

1/2
sty
c= :
S; cos(f)

which S, =D,[1- (2"‘7 1]
J D

The values of Ay and S;.at the critical position are determined by assuming the critical level (h).

E=y+

Taitel and Dukler {14) considered growth of a solitary wave in stratified flow and suggested the

following slugging criterion:
1/2

Ug >(1_£’LJ (PL"PG)gcos(ﬁ)AG
dA;
Y dn,

The above criterion is used to determine the gas velocity at the oneset of flooding. The liquid level h.

in the criterion is replaced by the water level at inlet section, H. The value of H is calculated from the

modified Bemoulli's equation which is taken between the inlet of the test section and the critical
position as follows:
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The present flooding curves show the relationship between the square root of the dimensionless
superficial velocity of water (; 1_)” 2 with the square root of the dimensionless superficial velocity of

air (j5)!? . The variables j; , j; are defined by

172
Je=J [————"" } i =
k~Jk *
(pp - PG)ED A

where j_ and p, denote the superficial velocity and density, respectively, of phase k; g is the
gravitational acceleration; and D is the pipe diameter.
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4. Results and Discussion

The CCFL is determined by keeping the injected water flow rates constant, while the air flow rate
is increased in small increments up to the onset of flooding. Fleoding is observed visually in
conjuction with the pressure drop. For small air flow rates, the water flows downward from the water
inlet section through the test section to the storage tank. in this case the superficial velocities of the
water phase at the water inlet and water outlet section are equal. As the air flow rate is gradually
increased, the pressure drop of two-phase flow increases slightly. At the onset of flooding, due to
instabilities at the interface, slugging occurrs and the pressure drop suddenly increases. The siugs
carry a fraction of the injected water to the upper end section; the water flow at the water outlet
section is thus smaller, and afterwards the pressure drop decreases.

Typical flooding curves connecting all points of the onset of flooding are shown in Figs, 4 10 9. At
specific experimental conditions the onset of flooding is found to depend on the inlet feed water flow
rate. The air flow rate creating the onset of flooding decreases as the water flow rate increases,. The
effect of the inclination angle is shown in Fig. 4. In the case of an upper open end and larger
inclination angles, the water flows along inclined pipes are accelerated by gravity and tended to
depress the growth of unstable waves. A greater air flow rate is, therefore, required to cause flooding.
The effect of inclination angles is closely related to the condition of the upper end. For an upper
closed end condition, the onset of flooding is nearly the same for all inclination angles. This means
that the flooding points of the open system and the closed system become more distinct as the
inclination angte is decreased. ( Figs. 5 to 9). The resuits are also compared with those from Bamea
et.al. [7], D = 51 mm and Celata et.al. [8,9], D = 20 mm and shown in Figs. 7 to 3. The data points
from Bamea et.al. [7] are taken from a log-log plot, thus causing some uncertainties. Only some
points are, therefore, shown in the figures. However the results from Barnea et.al. correlate quite well
with those of this study in the case of an upper closed end system.
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Figure 4. Effect of inclination angle (8) on flooding

The results obtained from the calculation using the methods described above are also shown in
Figs. 4-9. The agreement of the present model with the experimental data is satisfactory for smaller
inclination angles, especially for higher water flow rates. That is reasonable. At higher water flow
rates, the radial velocity of the water entering at the water inlet section increases. The water film
thickness increases, and the air flow is accerelated. In the case of higher inclination angles, the
prediction fails, because of a change in the flooding mechanism. Due to the effect of gravity, the axial
velocity of water from the water inlet increases and the local disturbance at the water inlel decreases.
In this case, flooding is formed due to an instability of interfaces somewhere along the pipe.
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Figure 5. Effect of upper end condition on fiooding for the inclination angle (p) = 60°
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Figure 6. Effect of upperend condition on flooding for the inclination angle (B) = 65°
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Figure 7. Effect of upper end condition on flooding for the inclination angle (B) = 70°
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Figure 8. Effect of upper end condition on flooding for the inclination angle (B) = 75°
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Figure 8. Effect of upper end condition on flooding for the inclination angle (B) = 8o?

5. Conclusions

*

Experiments are performed to determine the countercurrent flow limitation {or onset of flooding).
Water is ejected through the test section while air flows countercurrently and the phenomena is
visually observed. The general flooding points depend on the water feed rate. The air flow rate which
causes the onset of flooding decreases while the water flow rate increases. The influence of the
inclination angle and upper end conditions is of significance for the onset of flooding. For an upper-
open end system, with decreasing inclination angles, the flooding curves shift to lower gas velocities.
For an upper-closed end system, the onset of flooding is nearly the same for all inclination angles.
The difference of flooding points between two types of upper end conditions become large when the
inclination angle is decreased. The predictions of CCFL are in favorable agreement with experimental

data in the case of upper open end and smaller inclination angles, especially at a higher water flow
rate.
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Nomenclature

A cross-sectional area of the flow, m?’ D pipe diameter, m

E specific energy, m g gravitational acceleration, m/s’
h water level, m hy  friction head, m

H water level at the entrance, m | superficial velocity, m/s

j* dnmensnonless superficiat velocity P pressure, Pa

Q fiow rate, m 3fs S perimeter, m

U velocity, m/s y water level, m

z elevation (in Fig. 2), m ‘

Greek Symbols

B inclination angle from the horizontal, deg. p density, kglm‘3

AP pressure drop, Pa o kinetic energy correction factor
Subscripts

c critical i interface

k gas or liquid G gas

H water inlet section L liguid
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Prediction of Liquid Hold*ui) in
Horizontal Stratified Two-Phase Flow

S. Wongwises, W. Khankaew, W. Vetchsupakhun
Department of Mechanical Engincering,
King Mongkut’s University of Technology Thonburi
Bangmod, Bangkok 10140, Thailand

Abstract

This paper provides a combined theoretical and experimenta] investigation into the prediction
of hold-up for a stratified two-phase concurrent flow in a horizontal circular pipe. The test section,
10 m long, with an inside diameter 54 mm was made of transparent acrylic glass to permit visual
observation of the flow patterns. The experiments were carried out under various air and water flow
rates in the regime of smooth and wavy stratified flows. Stainless ring electrodes were mounted
flush in the tube wall for measuring the liquid hold-up which is defined as the ratio of the cross-
sectional area filled with liquid to the total crossectional area of the pipe. Calculation method for
predicting the liquid hold-up was developed by using the Taitel and Dukier momentum balance.The
ratio of interfacial friction factor and superficial gas-wall friction factor,{f;/fsg) was assumed to be
constant. Hold-up curves calculated by this method are compared with present experimental data
and those of other researchers. A ratio of fi/fg; ,which corresponds with the flow conditions,

(laminar ot turbulent) are presented.

I

Key Words: Two-Phase Flow, Co-Current Flow, Stratified Flow, Liquid Hold-Up

1. Introduction

Stratified two-phase flow regime is
frequently encountered in various chemical and
industrial processes; e.g. the flows of steam and
water, or otl and natural gas in pipelines etc.
One of the main problems in two-phase flow is
the calculation 1o determine the liquid hold-up
and pressure loss. Lockhart and Martinelli [1]
have developed a procedure for calculating the
frictional pressure loss for adiabatic two-phase
flow using their data on the horizontal flow of
air and water and various other liquids at
atmospheric pressure. Their correlations have
been applied to all regions of two-phase flow

43

both by the originators and by several other
investigators, Chisholm [2] has developed the
Martinelli models in such a way that the
original Martinelli curves for the various flow
regimes can be fitted quite well by selecting a
fixed value of a parameter for each flow regime.
Johannessen [3] has developed a theoretical
solution of the original Lockhart and Martinelli
flow model for calculating two-phase pressure
drop and holdup in the stratified and wavy flow
region. He has shown that his theoretical
solutions of pressure drop and holdup agree
much better than those of Lockhart and
Martinelli in the separated flow region.



The semi-empirical methods  for
calculating the two-phase flow pressure drop
have been proposed by numerous investigators.
Wallis [4] correlation which has been improved
fusther by Hewitt and 1lall-Taylor {5] can be
used in the annular flow region. Hughmark {6]
developed a semi-empirical pressure drop
correlation independently which is applicable in
slug flow region. Kadambi {7] proposed an
analyiical procedure to determine the pressure
drop and void fraction in two-phase stratified
flow between parallel plates.

Most stratified flow models were based
on an iterative solution of the two phase
momentum balance, but differed in the model of
the interfacial shear stress. To solve this
problem, Taitel and Dukler [8] made the
assumption that the interface was smooth and
interfacial friction : ~ual to the gas-wall
friction factor and the “eial shear
stress was evaluated with the saime |
the gas wall shear stress.

vy

In another paper {Taitel and Dukler [9]),
they demonstrated that the hold up and the
dimensionless pressure drop for stratified flow
are unique functions of X under the assumption
that fo/f; = constant. Kawaji [10] predicted
holdup successfully by substituting the ratio of
the gas-wall friction factor and the gas
interfacial shear stress ‘into the Taitel and
Dukler momentum balance.

Inaccuracies in previous stratified flow
models are found to be a result of the
interfacial shear stress used in the model. In the
present study, the method for prediction of
tiquid hold-up will be presented. The method is
based on that of Spedding et al. [11,12] and
Wongwises [13] where the ratio of the
interfacial friction factor and gas-wall friction
factor is assumed to be a constant. With this
technique a mathematical model of interfacial
friction factor is not necessary. The value of the
constant depends on whether the phases are in
turbulent or laminar flow.
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2. Experimental Apparaius and Method

The experimental facility used is shown
schematically in Fig 1.The main components of
the system consisted of the test section, air
supply, water supply, instrumentation, and data
acquisition system.The horizontal test section,
with an inside diameter of 54 mm and length of
10 m was made of transparent acrylic glass to
permit visual observation of the f{low
patterns.Water was pumped from the storage
tank through the rotameter to the water inlet
section at the bottom of the pipe. Air was
supplied to the test section by a suction-type
blower. The air flow could be controlled by a
valve at the outlet of the blower. Many smali
rods were used as guide vanes at the air inlet
section to maintain a uniform flow. Both the air
and water streams were brought together in a
mixer and then passed through the test section
concurrently. The inlet flow rate of. air was
measured by means of a round-type orifice and

© »f  water was measured by two sets of
rotdi..

The temperatuie vl the air and water was
measured by thermocouples. Stainicss ring
electrodes were mounted flush in the tube wall
for measuring the liquid hold up. They operate
on the principle of the variation of electrical
resistance following changes in the water level
between two paraliel electrode rings. The same
description of the calibration procedures for
stratified flow can be found in Andreussi [14].
Due to the variation of conductivity caused by
temperature change and coating of the
electrodes with impurities, the gauges were
calibrated before and after each run.

Experiments were conducted with various
flow rates of air and water at ambient condition.
In the experiments the air flow rate was
increased by small increments while the water
flow rate was kept constant at a preselected
value. Afier each change in iniet air flow rate,
both the air and water flow rates were recorded.
The liquid hold-up was registered through the
transducers. The flow phenomena was detected
by visual observation.



Thammasat Int. J. Sc. Tech,; Vol.3, No.2, July 1998

R Water Flow
lodﬂin_&’o—[ Akt Flow
R Gate Vive
b Globe Valve Pump Air Frow
[ Fiter Air tiet -
ﬁjllf i

Figure 1. Test facility

i Figure 2. Stratificd co-current two-phase flow
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3. Mathematical Model

Consider an equilibrium horizontal stratified
flow as shown in Fig. 2. A momentum balance
on each phase yields:

—AL(d—},']—TWLSL +ij’= 0 (1)
dx
dP

Al — |- Sp—1:5, =0 2

G(dx} Twewe — Ty 2)

Equating pressure drop in the two phases and
assuming that the hydraulic gradient in the
liquid is negligible, the following result is
obtained;

rmS_c_,WLS_L+,,&(_L+L) -0 )
A At 4, 4g
The shear stresses are evaluated in a
conventional manner
2
rin = £ PLEE 4)
2
g = 1o 25 (5)
y 2
Pglug=ug)
;= f',_ﬁ__f-__ (6)

2

Normally for equilibrium flow ug 2u such
that u , in eq.(6) can be neglected. A widely
vsed method for the correlation of the liquid and
gas friction factors is in the form of Blasius
equation:

D -n
fi =cL[—;“LJ 9
L
fo= Ca[Dj“G] (8)
G

where Dy and Dg are the hydraulic diameter
evaluated in the manner as suggested by
Agrawal et al.[15]. The liquid is visvalized as if
it was flowing in an open channel .
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D, =44

5, 89

The gas is visualized as flowing in a closed duct
and thus

445

(10)

Furthermore, the coefficients C;, n, Cg and m
used in Eq. (7) and Eq. (8) are those used by
Taitel and Dukler [8] in their co-current studies,

in turbulent flows; Cg = C = 0.046,

m=n=0.20
in laminar flows; Cg=C_L =16,
m=n=10,

Turbulent or laminar flow conditions in each
phase are identified by calculating the Reynolds
number for each phase using the superficial
velocity and diameter of the pipe, i.e.

Ug

Reg =

where K=G, L

Laminar flow is also assumed for superficial
Reynold number < 2000.

Substituting Twy, twg T from Eq.(4), Eq.(5) and
Eq.{6) into Eq.(3),the following equation is
obtained;

prGuéSG _ fLPLulz.SL 4

ZAG 2AL
2

fpcusSii 1 Vg
2 |4 4

In the case of the single phase flow, the pressure
gradient is determined from;

_2f56Pg¥sg

dpP
(55), gl oo



where fy = CG[D“”J

Vg

Equation (11) is non-dimensionalized by
dpP

dividing by [—)
dx/ g

Finally the following equation is obtained;

quéSGD _ prLuiSLD +
4fsc“’c"§c 4fssPcALu§c
2
ﬁPc"aSaP[J_+_L] =0 (13)
4fscPctisc| A, A

or in dimensionless form

where X2.=(dP/dx)g /(dP/dv)g is the
ratio of the frictional pressure gradient. of the
liquid to that of the gas when each phase flows
along in the pipe.

E%@ﬁy?&mf
D I)L 2
Xz —-m 3 2
4Cs ["saDJ pc(usc)
D vg i/ 2

(15)

X is recognized as the parameter introduced by
‘Lockhart and Martinelli [1] and can be
calculated unambiguously with the knowledge
of the flow rate, fluid properties and tube
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diameter.Liquid hold up can be calculated from
hy/D which is in the form of X5 A

All dimensionless variables with the superscript

.can be seen from

A =n/4,
A =410,
S, =S,/D,
Ag = A 1 D,
()
S;=8,/D,
§, =8/D,
D, =D, /D,
D, =D;/D,
h, =h, D
§, =rn—-cos(2h, - 1),
S, =cos™'(2h, - 1),
§ =1-(h -1y,
~ A
UG:Z’
g,-4
AL

—~

A = 025[:r —cos™'(2h, - 1) ]+

025[(2?:1 —DJ1- (2R, -1)? ]

A = 0.25[005” (2?11 - l)] -
0.'25[(21}; ~)J1- 2k, - 1)’]

In order to solve Eq.(14) for liquid hold up, gas
held up and pressure drop, an iterative computer
program is required. A flow chart of this
program is shown in Fig 3.
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4. Results and Discussion

To handie practical problems, it is necessary
to gain a better understanding of flow
characteristics. Visval observation shows that
different flow patterns may occur with gas-
liquid cocurrent flow in horizontal pipes. In
accordance. with results obtained from this
experiment, the following flow patltemns were
obtained : ~

a) Stratified flow: The water flows in the
lower part of the pipe and the air over it with a
smooth interface between the two phases.

b) Two-dimensional wavy flow: Similar to
stratified flow except for a wavy interface, due
to a velocity difference between the two phases
and two-dimensional steady waves travel with a
relatively regular pitch,

¢) Three-dimensional wavy flow: At a
higher air flow rate, the water surface is
disturbed and three-dimensional waves occur,
which have small irregular ripples on the
fundamental waves.

d) Violent wavy flow: The interface is
violently disturbed by the air stream. This flow
pattern oceurs at a relatively high air flow rate.

¢) Plug flow: Air moves along the upperside
of the pipe. This flow pattern occurs at a
relatively low air flow rate. The interface is
smooth and no bubbles are contained in a water

plug.

f) Stug flow: Splashes or slugs of water
occasionally pass through the pipe with a higher
velocity than the bulk of the water. The tail of
water slug is relatively smooth and sometimes
contains some small bubbles. The upstream
portion of the water slug is similar to the wavy
flow, and the downstream portion to the
stratified flow or wavy flow.

g} Pseudo slug flow: The semi-slug is
defined as a highly agitated long wave which
contains many bubbles. Its upstream and
downstream portions are similar to the wavy
flow.
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The typical photographs of flow patterns are
shown in Figure 4. The focus of the study was
on the stratified and small wavy flow. Figures 5

~and 6 show the relation between the liquid

holdup,g, against the Lockhart-Mantinelli
parameter, X for a laminar liquid -turbulent gas
flow in the 0.054 m. dlameter pipe and Q; =
1.67 x107, 6.67x10°.m%s respectively. The
values CG-CL;'O 046, n=m=0.2 for turbulent
flow and Cg=C=16,0=m=1.0 for laminar flow
are used. The figures show a comparison of the
experimental data with the present model
where the ratio, f/fsg is assumed. It is found
that an agreement of the present model with the
experimental data is obtained by using fi/fy; =
0.30-1.0. The data obtained by Spedding et al.
[1i] who tested the model against wavy and
stratified flow data from 93.5 and 45.5 mm
diameter pipes are compared with the
predictions from the present model. Their data
points were taken from log scale, thus were a
cause of some uncertainties. Their data can be
accurately predicted with f/fsg 0.6 for
laminar  liquid-turbulent gas flow. Their
predicted fi/fsg are in the recommended range
in this work. The scatter of Spedding et al. data
for the smalier diameter pipe is much greater
than the large diameter.

Figures 7 and 8 show also the relation
between g against X for a turbulem liquid-
turbulent gas flow for Q= 8. 3x107 and 1.67x1
0™*.ms respectively. They show that the liquid
holdup.can be accurately predicted by assuming
fifsg = 2.0-4.0. The data shows that the
assumiption of f/fsg = 1.0 overpredicted liquid
holdup for the stratified flows.The results
correspond to those from Kawaji [10] who
predicted holdup successfully by substituting.
fiffsg = 3.0 and also from Spedding et.al.{11] by
substituting f/fsg = 4 for turbulent liquid-
turbulent gas flow into the Taitel and Dukler [8]
momemtum balance. Their predicted fi/fsg are
also in the recommended range in this work.

However, for Spedding et al. results, a
discrepancy is found between the present
recommended ratio of fiffsg and  the

experimental data at greater Lockhart Martinelli
Parameter. This is because of a change of
interfacial phenomena. The amplitude of the
water layer fluctuation increases slightly with
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Test Section -E—

Stratified flow

. Two-dimensional wavy flow
Three-dimensional wavy flow
Violent wavy flow

Plug flow

Slug Flow

Pseudo slug flow

R on o

Figure 4. Photographs of flow Pattemns
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air flow. Two-phase pressure drop can be
determined further by substituting b /D into
Eq. (1) or (2). In this work, the situation when
gas flow was laminar, was not considered.

5. Conclusion

This paper presents new data to predict the
liquid holdup in horizontal concurrént stratified
flow in a circular pipe. It has been
demonstrated that the liquid holdup can be
predicted by. using Taitel and Dukler
momemium balance between both phases. The
ratio of the friction factor of the gas at the
interface and the gas at the pipe wall, f; /fgg is
assumed to be constant. The constant depends
on the phase being either turbulent or laminar.
With this method a model of interfacial friction
factor is not necessary. For turbulent liquid-
turbuient gas. flows, the former assumption that
f,= fsg is shown to give a result which does
not agree with the experimental data Future
work should examine the effect of pipe
diameter. It may be also worthwhile to study in
countercurrent flow for comparison with
concurrent flow data.

Nomenclature

A Crossectional area of pipe, m?

Ag, AL  Crossectional area of gas and
liquid phase, m*
Cg, Cy. Constant in Eq.(7) and (8)
D Pipe diameter,m
Dg. DL Hydraulic diameter of gas and
liquid phase, m
fo, fL Gas-wall and liquid-wall
friction factor
f; Interfacial friction factor
fsg Superficial gas-wall friction factor
g Gravitational acceleration, m/s®
h Liquid height, m
n,m Constant in E%.("I) and (8)
P Pressure, N/m
dP/dx Two phase pressure gradient, N/m’
(dP/dx)s;  Pressure gradient of single
gas phase, N/m®
(dP/dx}s.  Pressure gradient of single
liquid phase, N/m®
Qg Volume flow rate of gas,msls
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QL Volume flow rate of liquid,m’/s

Reg Gas phase Reynolds number

Re;, Liquid phase Reynolds number

Resg Superficial gas phase
Reynolds number

Reg, Superficial liquid phase
Reynolds number

Sg Gas phase perimeter,m

S¢ Liquid phase perimeter,m

5 Interfacial width,m

Ug Average velocity of gas, m/s

Up Average velocity of liquid, m/s

Usg Superficial velocity of gas, m/s

Ugy. Superficial velocity of liquid, m/s

X Lockhart-Martinelli parameter

Greek Symbols

P Density, kg/m3

v Kinematic viscosity, m¥/s

T Shear stress, N/m?

€ Liquid hold up

Subscripts

G Gas phase

L Liquid phase

i Interface

WL Liquid-wall

WG Gas-wall

SG Superficial gas

SL Superficial liquid

Superscripts

~ dimensionless term
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FLOW REGIME MAPS FOR THE DEVELOPING STEADY
GAS-LIQUID TWO-PHASE FLOW IN A HORIZONTAL PIPE
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Department of Mechanical Engincering

King Mongkul's Institule of Technology Thonburi
91 Suksawas 48, Radburana, Bangmod

Bangkok 10140, Thailand

ABSTRACT

Visual obscrvations of flow paticrns for the developing steady air-water lwo phasc
flow wcere obtained in a 54 mun diameter test scction with 10 m. long. A flow
recgime map for the developing two phasc flow was developed in the form of two
dimensional graph which was scparated into arca corresponding lo various flow
patterns. The prescat flow regite map was comparcd with those of other rescarchers.
The map will be useful for predicting the Mow palterns at given conditions and will
be a basis to derive the flow regime maps for the transienl conditions.

INTRODUCTION
’

Two-phasc pas-liquid flow in horizontal pipe lines has become of greater concern
in a wide varictly of engincering cquipment and process. This type of flow has been
cncountcred cxiensively in an increasing number of important situations for cxample
in gas-oil pipelines, boiler. chemical and nuclear reactors cle. 1t is not possible to
understand the two-phasc (low phenomena without g clcar understanding of the
flow paticrns cacountered. 1t is to be cxpected (hat Lwo-phase pressurc drop. holdup.
system stability, exchange rales of momcnium |, heil and mass will be infllucnced by
the flow pattern which cxists. The ability to predict the (ype of flow accuraicly is
necessary before the relevant calculation tcchniques will be developed.

The steady two phasc Now can be divided into a fully developed flow and a developing
flow. A fully developed Row results when the velocity profiic cecascs Lo change in
the flow direction. Many studics have been carricd out to perform the flow regime
maps in horizoatal pipes, mostly for fully developed Mow. Alves' suggesied a map
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bascd on data for air-water and air-oil mixturcs utitizing the superficial liquid and
gas velocitics as the coordinates. The test scetion uscd in his investigation consisted
of four 18-foot passes of 1.042 inch pipc connccled by upward flow rcturn bends.,
The flow pattcros were obscrved through 18-inch leagths of glass pipe located al
the beginning of the first and second passes and at the cnd of the first and lourth
passcs. Baker? proposed 2 flow pattern map based on the data of several rescarchers.
Most of these data arc for the air-watcr sysicm. Baker plotied G/l versus Lly/G,
which is cquivalent to gas mass velocity, G, versus ratio of liquid to gas vclocity,
L/G. Here, 1 and y arc Muid property correclion factors and arc defined as:

12
A= [i’_rm](ff_]
\ Pa/\Pw

and

L eh 2

y o ﬂ:_.J _@-_]
O |\Hy /NPy

which r, s and m represent densily, surface tension aad viscosity respectively. The
subscripts G and L represent the gas and Jiguid phiises, and the subscripts A and W
represent the values for air and water al atmosphcric conditions (lypical 20 °C and.
atmospheric pressute). The Baker map is still widely used and is presenled for
rcference purposcs.

Hoogendorn' fuvestigated flow paticrns in smootls 25 mcler long test scctions which
had diamcters of 15, 24, 50, 91 and 140 mam. The liquids uscd were water, spindle
oil, pas-oil, and frcon-11. Air and frcon vapors were the gascs used. Gas pressurc
ranged between 1 and 3 atm and operating temperature was 28 °C. He used the
mixture velocity and the input gas volume fraction as coordinales.

Morc data on flow patlcras in horizontal flow have shown that the original map is
deficient in representing the clfecls of various svstem paramcters. These subjects
have led to the development of a number of alicraative flow maps: for example
those produccd by Mandhanc et al.* whiclh is probably the most successful. [t is,
however, impossible to represent all the appropriate {ransitions in terms of a single
sct of paramcter, This has been recopnized by a wwmber of authors and devcloped
later by Taite! and Dukler’, Weisman ct al., Barucy’, Lin ct al.*, Spedding ¢t al”
have proved successful in predicting a fairly wide range of system condilions.
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Flow regime maps for developing stcady flows have reccived comparatively very
little attention in the litcrature. The carlicst work was performed by Sakaguchi ct
al."™" who investigated the developing steady -state and transient behavior of air-
walcr two-phasc flow in horizental tubes. The experiment was carricd out in the
diffcrent test scctions. It was found that the flow pattern transitions occur at lower
flow rates (both liquid and gas flow rates) in transient condition than in steady
condition. Wong cl. al.”? sludicd thc Iow patterns transition in two-phase gas
liquid flow and proposcd a sct of standardiscd low pattern terminology through
cxperimental obscrvation. '

In the present study, the main concera is to clarify the characleristics of the fllow
patterns and perform the flow regime maps for the developing sicady flow.

EXPERIMENTAL APPARATUS AND METHOD

A schematic diagram of the test lacility s given in Fig 1. Air and water were uscd
as the working fluids. The main components of the system consisted of the test

2m 2m  2m o 2m  2m | Mixing Section
I | I I I |
+ k 1 ) 1 L 1 —
Tes! Section
Reservior Waler Flow
0 drain A—ob——[ Air Flow
th  Gale Valve ) Woaler Fiow
¢ Globe Valve ump Air Flow
M Fiter - Air Flow

— m th

Orifice

Figure 1. Schematic diagram of experimental apparatus
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scelion, air supply, water supply. A horizontal test section, with an inside diameler
of 54 mm and length of 10 m were made of transparent acrylic glass lo permit
visual observation of the flow patterns, The connectivns of the piping systems were
desipgned such that parts could be chanped very casily. Water ‘was pumped from the
storage lank through the rotamceter lo the waler inlet scction. Air was supplicd to
the test section through an air inlet scction which was constructed of a lot of small
diameter tubes with 4 mm. inside diameter (Fig, 2) to maintain a uniform Mow.
Both the air and waler sireams were brought together in a mixer and then pussed
through the test section cocurrently The inlet flow yatc of air was mcasurcd by
mcans of a round-lype orifice and that of water.was mcasured by three scts of
rolamelers, Experiments were conducied with various Mow rales of air and waler (o
perform the Now regime maps for the developing sicady Nows. The air flow rate was
increased by small incremenis while (he water flow rale was kepl conslamd at
prescliceted value. Aller cach change in inlet air flow rate, both the air and water

Mow rates were recorded. The process of cach {Tow patiern formaltions were delecled”

in detail by visual observation. video rccorder and hipgh speed camera.

I \,

l 910 mm
|
i

Waler
1300 mm

Seclion A-A

Fipure 2. Schematic dingram of mixing seclion



Flow Regrme Alaps for the Developing Steady Gus-Lagiad 105
Two-Phase Flow o u florizomal Pipe

RESULTS AND DISCUSSION

Visual obscrvation shows thal different Mow palicrns may occur with gas-liquid
cocurrent [tow in horizontal pipes. The typical photographs of flow palterns in
accordance wilh resulls obtained between 2 to 4 nu [tom the outlet ol the test
scction are shown in Fig.3 . Dcscription of cach flow patterns arc defined as foilow:

a. Stralificd {low:
The water flows in the lower part of the pipe and the air Mows over il with a
smooth interfiice between both phases (Fig. 3a).

b. Two-dimensional wavy flow:

Similar o steatificd Mow except for a wavy intefice. Due Lo a velocity differeace
between the  two phascs, {wo-dimensional stcady waves occur and move willh a
relatively regular pilch (Fig. 3b). ’

c. Three-dimcnsional wavy flow:

In a  higher air flow rate, witer surfuce ae stronger disturbed and three-
dimensional waves which have small irrepular ripples on the fundamental waves
vccur. There is stitl no bubbles in the water pluse (Fig. 3c).

d. Violent wavy flow:
The interface is violently disturbed by the air strcam. This Mow paltern occurs
al a refatively very high air flow rate (Fig. 3d.).

¢. Plug Mow

This flow patlcrn occurs at a rcfatively lower air flow ratc but higher water
Aow rate. Air moves along the upperside of the pipe. without any shearing of waler
[rom wave crest. The inlerfice is smooth aud no bubbles urc contained in a water
plug (Fig. 3u).

f. Shug flow:

At a certain air flow rite. the aic-waler interface bucame more wavy and uastabic.
Wave with higher amplitude grow up and blocks the wholce pipe scction and is then
pushed strongly by the air with very high velocity. Waitcer slugs conlain some small
bubbles and occasionally pass through the pipe with a higher velocity than the bulk
of the water (Fig, 30.

g. Pscudo slug flow:
An initixl formation of pscudo slug is similir to that of slug Oow. Higher
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. Y] —— A
Fest Seclion ~

Watcer

Figure 3. Typical photographs of flow paticrns
a. Stratified flow: c. Vlug flow:
b. Two-dimensional wavy llow: . Slug flow:
¢. Fhree-dimensional wavy flow: g. I'scudo slug flow
d. Vielent wavy flow:
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amplitudes of waves decrcase he flow path. Air with higher velocities ncar the
crest wave lead to the blowing up of the wave crests, which Jater break up inte
droplels and splash up (Fig. 3p).

h. Pscudo slup + annular fow:
An information of the pscudo stug + annular flow is similar to that of the
pscudo stug Row, excepl some waler appears on the aaner pipe wall as a thin film,

It is quite difficult to scc the thin film of water in the pscudo slug + annular fow
from he photopraph. 11 is, thercfore, not shown in the Ggure. The definitions of
two and three dimensional wavy flows and the violeut wavy [low have been also
proposcd by Sakaguchi cl. al.'®".

The wsual mcthod in the presentlation of ow paticra data is to classify the {low
paltcen by visual obscrvation and plot the data as o flow reglime map in lerns of
system paramelcrs. Paramcters that arc commonly used arc the phase superficial
velocitics. A Now regime map obtained in the prescnt study for pipe diameler 54
mm is presented in Fig. 4. The subscripts L and G refer to the water and air
respectively, the subscript o dcsignalcs “superficial™ or the situation where the
designated phasc flows alonc in the pipc. Both superticial velocilics, V,, and V
reler to average ambicnt conditions (1.013 bar, 307C). The flow regime map is
valid in the range of 0.5 to 7 nvs for V and 0.02 10 0.26 m/s for V. The cross
hatched arca represemt the regions in which the trassition from one Mow lo another
occurs. The presenl Now regime map is also compared with that of Sakaguchi ct.
al.” for pipe diamcler 30 mm.(Fig. 5). Some experimental resulls-agree quatitatively.
Somc part of (he transition lincs between the stralified and the wavy flow, and the
wavy and the slug flow, and the plug and the sluy Mow agree with Sakaguchi’s
boundary. The plug Now region is larger whilc the sIug flow region is smaller than
those from Sakaguchi’s map. In the preseat map, the 1egion of the pscudo slug Mow
is largest.  The present regime map is also comparcd with that of Wong et al. ' (or
pipc diamcter 25.4 mm. and shown in Fig. 6. The Jista points from Wong cl. al."?
arc taken from a log-log flow rcgime map, thus cause of some uncertaintics. The
transition linc between plug and slug flows paticrns agree very good with that
between plup and plug-stug flows in Wong's wap. The causc of shilt of boundary is
duc to Wong ct. al.” demarcaied the region between plug and slug flows in three
regions; plug, plug-slug, and slug fow, The stratilicd flow and region of pscudo
slug fow is smaller than that of Wonp cl. al."2. The region of pscudo slug from
both are very good agree qualitatively. Violent wavy Mow region cover the region
of roll wave in Woug’s map. The discrepancics fron conyxirsous with other investigations
depead mainly on the identification of flow paltern according to their definitions.
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Figure 4. Typical flow regime map for the steady flow conditions
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peomwtrics of pipe and the conditions of inlet and vutlel sections (sce Bendiksen ct,
al.”). Howcver, the results agree qualitatively, in peneral.

CONCLUSION

This paper presents new data to clarify the Mow patterns of developing stcady {low.
Air flow is slowly increascd while the waler flow is fixed. The fAow phenomena
which are stratificd, two-dimensional wavy, Ihree-dimensional wavy, violcat wavy |
plug, slug, pscudo slug and pscudo slug + annular flows arc obscrved and recorded
by high spced camcera. The flow regime maps have been presented as functions of
the superficial velocily of buth phases and are compared with other fow regime
waps. These maps are wsclul to predict the flow pattern for developing [low at
stecady conditions in various fMow systems and can be uscd as the basis information
to perform the transient flow regime maps. The resulls will be very important for
the further development Lo analyse the behavior of flow inslability in a two phasc
flow sysicm for cxample the burnoul phenomena in oscillating flow , initiation of

waler hanuner in horizontal pipes duce to increasing condensation heat transfer and
' stcam velocily caused by a local chunge ol heat transler Lo the system.
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