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Method for Prediction of Pressure Drop and Liquid Hold-Up in
Horizontal Stratified Two-Phase Flow in Pipes

S. WONGWISES
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King Mongkut’s Institute of Technology Thonburi
Bangmod, Bangkok 10140, Thatland

Abstract

Experimental apparatus was designed and constructed to obtain cocurrent air-water two phase flow in horizontal pipes. The
test section, 10 m long, with an inside diameter 54 mm was made of transparcnt acrylic giass 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 efcctrodes were mounted flush in the tube wall for mecasuring the liquid hold-up which is defined
as the ratio of the cross-sectional area filled with liquid to the total crosscclional arca of Lhe pipe. Calculation mcthod for
predicting the pressure drop and liquid hold-up was developed by using the Taitel and Pukler momentum balance between both
phasc. The ratio of interfacial friction factor and superficial gas-wall friction factor.(f/fsg) was assumed 10 be constant. With
this technique any mathematical model of intcrfacial friction factor is not necessary. A ratio of fi/fs; ,which corresponds with the

fiow conditions, (laminar or turbulent) were presented.

Introduction

Analytical modcls have been developed for
estimation of pressure drop in separated flow. Lockbhart and
Martinelli (1949) have developed a procedure for calculating
the frictional pressure drop for adiabatic two-phase flow using
their data on the horizontal flow of air and water and various
other liquids at atmospheric pressure.  The resulling
correlations have been applied to a]l' regions of two-phasc
[fow both by the originators and by several other investigators,
although the derivation is based on certain limiting
assumplions.For some years, a team at CISE, Milan, laly has
been developing correlations for frictional pressure drop.
Lombardi and Pedrochi (1972) devcloped a general pressurc
drop correlation using CISE data. They employed consistent
S1 unmits for their correlations. Like Lockhart and Martinelli’s
pressure drop correlation, this correlation does not consider
the effect of mass velocity. A wide varicty of dimensionless
groups have been used for correlating two-phase pressurc
drop. Another set of groups have been suggested by Kasturi
and Stepanck (1972). They based their analysis on a
separated Mow model taking into account interactive cffects by
allowing the gas and liquid Reynolds numbers to affcct
respectively the liquid and gas friction factors. The original
forms of the Martinelli model are known to be inaccurate and
lo give poor rcpresentation of the cffects of system
paramcters, particularly of mass velocity. Chisholm (1978)
has devcloped the Martinelli modcels in such a way that the

original Martinclli curves for the various flow regimes can be
fitted quite well be sclecting a fixed value of a parameter for
cach flow regime. Similar modifications have been made by
Baker (1954) and by Checnowelh and Martin (1955).
McMillan (1964} has also modified the Maninclli modcl by
introducing a dimensionless parameter instcad of using 0.046
for the calculation of the friction factor. Johannessen (1972)
has developed a theoretical solution of the original Lockbhart
and Mantinelli 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 pressurc drop and
holdup agrece much betler than those of Lockhart and
Martinelli in thc scparated flow region.  The phasc-
interaction modcls have becn developed by Chawla (1972).
Bandel and Schlunder (1974). Levy (1964). and Agrawal cf
al.(1973) independently. Although their physical models are
belicved to describe the processes involved. the accuracy of
some of these pressure drop corrclations, such as Chawla’s
and Levy’s correlation is questionablc.

The scmi-cmpirical methods for two-phase Mow
pressure drop calculation have becn proposcd by mumcrous
investigators.  Wallis (1969) corrclation which has been
improved further by Hewitt and Hall-Taylor (1970) can be
used in the annular flow region, Hughmark (1965) devcloped
a scmi-cmpirical pressurc drop correlation  independently
which is applicable in slug llow region.

Baroczy (1966) proposed a gencral corrclation for
two-phase pressurc drop.  Although thc correlation is



applicable to only a limited range of mass velocily, it predicts
two-phasec pressurc drop fairly well within the range of mass
velocity. He correlated the two-phase muitiplier with a
property index for various values of quality and mass velocity.
Kadambi (1980) proposed an analytical procedure to
determine the pressure drop and void fraction in two-phase
stratificd flow between parallel plates. Hart et al. {(1989) used
the interfacial friction factor of Eck (1973) to develop an ARS
modet for predicting the low vaiues of the liquid holdup and
values of the frictional pressure gradient.

Most stratified flow models were based on an iterative
solution of the two phasc momentum balance, but differed in
the model of the interfacial shear stress. To solve this problem,
Taitel and Dukler (1976) made the assumption that the
interface was smooth and interfacial friction factor equal to the
gas-wall friction factor and the gas interfacial shear stress was
evaluated with the same equation as the gas wall shear stress.
In their another paper (Taitel and Dukler (1976)), 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 (1987) predicted
holdup successfully by substituting the fatio of the gas-wall
friction factor and thc gas interfacial shear stress into the
Taitel and Dukler momentum balance. Spedding and Hand
(1990) predicted the pressure loss and liquid heldup by
assuming the ratio of the interfacial friction factor and gas-
wall friction factor as a constanl. The value of the constant
depended on whether the phases were in turbulent or laminar
flow. Their method will be modified for this study.

Experimental Apparatus and Method

A schematic diagram of the test facility is given in Fig 1. In
the experimental investigations air and watcr were used as the
working fluids. The main components of the syslem consisted
of the test scction, air supply, waler 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 obscrvation of tie flow palterns. The
connections of the piping system were designed such that
parts could be changed very casily. Water was pumped from
the storage tank throwgh the rotameier lo the water inlet
section at the bottom of the pipe. Air was supplicd to the test
scction by a suction-type blower. The air flow could be
controlled by a valve at the outfet of the blower. Many small
rods werc used as guide vanes at the air inlet section to
maintain a uniform flow. Both the air and watcr streams were
brought together in a mixer and then passed through the test
scction cocurrcntly. The inlel flow rale of air was measured by
mcans of a round-type orifice and that of water was mecasured
by two sets of rolametcrs within a range of 0-4.8 m’/h. The
temperature of air and water were measured by thermocouples
(£ 0.5%)The two phasc pressure drop between the test scclion
was registered by a capacitive pressure transducer within the
range of 0-1000 Pa ( + 5%).Stainlcss ring clectrodes were
mounted fush in the tube wall for measuring the liquid hold
up, which was dcfincd as the ratio of the cross-sectional arca

Rotameter
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filled with liquid to the total crossectional arca of the pipe.
The electrical conductivity of the watcr between the electrodes
constituted an electrical resistance that could be registered,
via a Whealstone bridge, by a carrier frequency amplifier.
The measured elecirical resistance was a function of the
electrode distance, the electrode width, and the level of the
liquid between electrodes. The uncertainty in the measured
liquid hold up was estimated 1o be £ 2 %. All signals of the
measuring transducers were registered by a data acquisition
system with a frequency of 20 Hz, and finally they werc
averaged over the time elaped.

Experiments were conducted with various flow rates of air
and water at ambicnt condition. Average temperature in
laboratory is about 30°C. In the expcriments the air flow rate
was increased by small incrcments while the water flow rate
was kept constant at preselected value. Afier each change in
inlct air flow rate, both the air and water flow rates were
tecorded. The liquid hold-up were registered through the
transducers and transferred to the data acquisition system.
The flow phenomena were detected by visual observation and
somelime by camera.

Crifice meter

Blower

Test Section

hater

Figure | Schematic diagram of experimental apparatus

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

dP
—AL(?]—TWLSL +'t,-Si = 0 ()
dp
—AG[d—J - TwGsG —TiSi = 0 (2)
N

Equating pressure drop in the two phases and assuming that the
hydraulic gradient in the liquid is negligible. gives the
following resuits

Sg Sy, ( 11 J
Twg ——~TwL - +4;5]|—+—| =0 3
WG AG WL AL T AI, AG (H



The shear stresscs are cvaluated in a conventional manner
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Figure 2 Stratified cocurrent flow

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

D -n

fL=CL[ :)‘:L} (N
Daug )

fo=CG[ 3;’0] ()

'
where Dy and Dg are the hydraulic diameter evaluated in the
manner as suggested by Agrawal et al.(1973). The liquid is
visualized as if it was flowing in an open channel .

4A
Dy =—— 9
L S, &)
The gas is visualized as flowing in a closed duct and thus
4Ag
D¢ = (10)
SG +Si

In this work the following coefficients are utilized: Cg = C, =
0.046,m = n = 0,20 for the turbulent flow and Cy = C; = 16,
m = n = 1.0 for the laminar flow Laminar flow is also
assumed for superficial Reynold number < 2000,

Substituling twi, Twet; from Eq.(4), Eq.(5) and Eq.(6) into
Eq.(3)
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To non-dimensionalize,Eq.(11) is divided by [————]
dx/ 56
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or in dimensionless form

(-aG)’(ﬁoaG)""Ec_ _ [

which X2 =(dP/dx)g /(dP/dx)g; is the ratio of the

frictional pressure gradient of the liquid to that of the gas
when each phase flows aleng in the pipe.

4CL [USLD] -n pL(USL)2

D v 2
) G Ll ; (15)
4Cg [USGDJ PG lusG)
D DG 2

X is recognized as the parameler introduced by Lockhart and
Martinelli (1949) and can be calculated unambiguously with
the knowledge of the flow mate, fluid properties and tube
diameter.Liquid hold up can be calculated from hy/D which is
informof Ag AL

All dimensionless variables with the superscript can be scen
from



A=n/4, A =A_/D? S_ =5_./D
KG—AG,D §G=SGID9 §i=SilD

D, =Dy /D, Dg =Dg/D, hy =h. /D
8. =n—cos”' (2R - 1), Sg =cos”(2h - 1),

A ~
§ =1-@h,-1%, Ug ==, U =
Ag

—

A= 0.25[:: —cos @Ry -1 + 2hy - Dy1-@2h - D? }

A
A

Ag = 0.2{cos" @2hy - -2k, - DyY1-2h; - 1)? ]

In order to solve Eq.(14) for liquid hold up, gas hold up and
pressurc drop, an itcrative computer program is required. A
flow chart of this program is shown in Fig 3.

Results and Discussion

Visual 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 patterns 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 phascs and two-dimensional steady waves travel with a
relatively regular pitch.

c) Three-dimensional wavy flow: At a higher air flow rate, the
waler surfacc is distusbed and three-dimensional waves occur,
which have small irregular ripples on the fundamental waves.
d) Semi-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 thg wavy flow.

¢) Slug 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 porticn of the water
slug is similar to the wavy flow, and the downstream portion to
the stratified flow or wavy flow.

f) Plug flow: Air moves along the upperside of the pipe. This
flow palicrn occurs at a rclatively low air flow ratc. The
interface is smooth and no bubbles are contained in a water
plug.

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

The typical photographs of flow patterns are shown in Figurce
4.

The focus of the study was on the stratified and wavy flow.
Figurcs 5 and 6 shows thc relation between the liquid
holdup,g,, against the Lockhart-Martinelli parameter, X for a
laminar liquid-turbulent gas flow in the 0.054 m, diameter
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Figure 3 Flow chart of liquid hold-up and pressure drop calculation

pipe and Q. = 1.67 x10° 6.67x10° m%/s respectively. The
values Cg=C=0.046, n=m=0.2 for turbulent flow and
Co=Cy=16,n=m=1.0 for laminar flow are used. The figures
show a comparison of thc experimental data with the present
model which the ratio, [/fsg arc assumed. I is found that an
agreement of the present model with the experimental data is
obtained by using f/fse = 0.30-1.0. Figurcs 7 and 8 show also
the relation between g, against X for a turbulent liguid -
turbulent gas flow for Q=83x107, 1.67»10".m¥s
respectively. They show that the air-water liquid holdup can
be accurately predicted by assuming {/fs6 = 2.0-4.0. The data
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Test  Section

a. Stralified Flow e. Slug Flow
b. Two-Dimensional Wavy Flow {. Plug Flow
c. Three-Dimensional Wavy Flow g. Violent Wavy Flow

d. Semi-Slug Flow

Figure 4. Photographs of flow pattems



shows that the assumption of f/fsc = 1.0 overpredicted liquid
holdup for the stratified flows.The results correspond to those
from Spedding et.al. (1990) who fested the model against
wavy and stratified flow data from 93.5 and 45.5 mm i.d.
pipes. The data can be accurately predicted with f/fss = 0.6
and f/fss = 4 for laminar liquid-turbulent gas flow and
turbulent liquid-turbulent gas flow respectively.  Their
predicted £/fsq are in the recommended interval in this work.
Two-phase pressure drop can be determined by substituting
h/D into Eq. (1) or (2). In this work, the situations when gas
flow was laminaz, was not considerced.

Conclusion

This paper presents new data to predict the liquid holdup and
pressure drop in horizontal cocurrent stratified flow in a
circular pipe .It has been demonstrated that the pressure drop
and the liquid holdup can be predicted by using Taitel and
Dukler momemtum balance between both phase. The ratio of
the friction factor of ihe gas at the interface and the gas at the
pipe wall, [ /fs is assumcd to be constant. The constant
depends on the phase being either turbulent or laminar. With
this method any model of interfacial friction factor is not
necessary. For turbulent liquid-turbulent gas flows, the former
assumption that f; = fg5 is shown {o pgive a result which does
not agree with the experimental data.
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Figure 5. Experimental dara obtained from a water rate = L667x107 w'/s
Liquid - Laminar and Gas - Turbulent
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Figure 6. Experimental data obuained from a water rate = s51x10 0 m/s
Liquid - Laminar and Gas - Twbulent
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Nomenclature
A Crossectional area of pipe, m’
Ag, Ay Crossectional area of gas and liquid
phase, m*
Ca, G Constant in Eq.(7) and (8)
D " Pipe diameter,m
Dg, D¢ Hydraulic diameter of gas and liquid
phase, m !
fq, I Gas-wall and liquid-wall friction factor
f; Interfacial friction factor
fsa Superficial gas-wall friction factor
g Gravitational acceleration, m/s’
b Liquid height, m
n,m Constant in Eq.{7) and (8)
P Pressure, N/m?
dP/dx Two phase pressure gradient, N/m’
(dP/dx)ss  Pressure gradient of single gas phase.
N/m® _
(dP/dx)s;  Pressure gradient of single liquid phase.
N/m’
Qs Volume flow rate of gas,m’/s
QL Volume flow rate of liquid,m"/s
Reg Gas phase Reynolds number
Rep Liquid phasc Reynolds number



Regi Superficial gas phasc Reynolds number

Res;, Superlicial liquid phase Reynolds
number

Sy Gas phase perimeler,m

S Liquid phasc pcrimcier,m

S5, Interfacial width,m

Ua Avcrage velocity of gas, m/s

U, Average velocity of liquid, m/s

Usa Superficial velocity of gas, m/s

Ug, Superficial velocity of liquid, nv/'s

X Lockhart-Martinelli parameter

Greek Symbols

p Density, kg/m?

v Kincmalic viscosity, m%/s

T Shear Stress, N/m?

£ . Holdup

Subseripts

G Gas phasc

L Liquid phasc .

i Interface

WL Liquid-wall

WG Gas-wall

S5G Supcrficial gas

SL Superficial liquid

Superscripts

~ dimensionless term
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ABSTRACT

This paper concerns analysis of steady flow in channels
having irregularities of an idealized periodic form. An analytic
madel of non-separating potential flow above an impermeable
wavy bed is used to investigate the free surface elevation and
the velocity field. It is shown that the effect of bottom
undulations depends on their steepness. The generalization of
results based on linear theory is achieved by the.use of Fourier
series, resulting in the examination of a more complex bottom
forms. The results of experiments in the open channel flume
regarding the development of the mean and fluctuating flow
field are analyzed in detail in the case of a sinusoidal bottom of
different steepness, ‘sawtooth bed’” under various current
conditions.

1. INTRODUCTION.

The dynamics of the waler-sediment interface have
received much attention in recent years, especially mechanisms
governing the interaction between fluid flow and botiom
materials. The motion of a given bed material in a given
channel depends entirely on the mechanical structure of the
flow which generates this sediment motion. On the other hand,
observations showed that the motion of the sediment is
accompanied by cerlain features of its own, such as the
wavelike deformation of the bottom surface and the diffusion of
solid particles into the fluid. Bedforms play a significant role in
the makeup of resistance to flow in atluvial channels, and many
engineering problems associated with coastal environment are
often determined by sediment transport due to current and wave
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Dept. of Mechanical Engineering,
King Mongkut's Inst.of Technology Thonbun,
Suksawad 48 Rd., Bangkok 10140 THAILAND
Fax: 662-427-8787
Email:isomises @cc.kmitt.ac.th

action. An understanding of the generation and properties of
bed forms can be expected from detailed analysis of the
kinemalics and dynamics of the interaction between flow and
the bed. .

The nature of the flow over a movable sediment bed has
been subject of a variety of theoretical and experimemal
investigations. It is worth noting works of Kennedy
(1963,1969), Reynolds (1965), Davies (1979,1983), Longuet-
Higgins (1981), Van Rijo et al (1993), Mel'nikova (1996) and
others.

The Kennedy-Reynolds model predicts bed forms, their
characteristics, and their stability for a free surface flow over an
erodible bed. In the case of zero lags between the local
sediment transport and the local velocity of fluid the dominant
wavelength of the bed two-dimensional form can be determined
from

F'=UAgh)=(2 + kh tanh khV[(kh)® + 3 kh tanh kh] (1)

where F is the Froude number, U is the velocity of uniform
flow, g is the acceleration due to gravity, k is the wavenumber,
h is the fluid depth. Experiments showed that for certain
intervals of the Froude number, the surface of a mobile bed had
periodic irregularities - sandwaves. Note that the Kennedy-
Reynolds’ model is not totally realistic because it ignores the
separation zone associated with bed forms, and no generaily
accepted theory of the origin of sand waves has been produced.
Fluid flowing over a bottom undulation separates somewhere on
the downstream side of the crest, reattaching on the upstream
face of the next crest. This would cause a pressure asymmetry
with respect to the crest resulting in bedform growth.

-
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The analysis of real turbulent flows over erodible beds
requires the experimental results and theoretical models of
single-phase turbulent flows over impermeable bottom
structures. This approach closely approximates to the real
situation since the celerity of the bedforms’™ movement is small
compared to the fluid velocity.

Davies (1979,1983) derived the model describing uniform
and wave-induced flows over impermeable rippled surface
which were simulated by superimposing irrolational flow
solutions: uniform flow or oscillations in the horizontal
direction is perturbed by. introducing a repeated pattern of
discrete singularitics, such that one of the sireamlines of the
resulting motion is distorted into desired ripple shape,

Having considered different sediments forms on the beds
of alluvial channels, Mercer and Haque (1973} developed the
model based on potential flow over a linearized boundary
composed of a periodic series of modified wedges and eddy
shear lines. In their experiments on flow over undulated
Styrofoam beds velocity measurements made with a static-pitot
tube showed a positive velocity gradient along the wedge.

Ranasoma and Sleath (}1994) have described LDA-
measurements of the fluid velocities in a steady-flow
recirculating flume with a section of the bed that could be
oscillated at right angles to the steady flow. The combined flow
time-mean velocity profiles showed reasonable agreement with
an eddy viscosity model at large distances from the bed, but
not-as-good agreement very close to the bed. It was suggested
that the discrepancies between theory and experiment in the
immediate vicinity of the bed are due to the large scale
momentum exchanges caused by vortex formation.

Accurate kinematics in the fluid domain are needed for the
determination of physically realistic models for the estimation
of shear stresses on the bed. At the moment there is no
universally accepted method for the accurate calculation of
flow-sediment interaction and sediment tansport As a
consequence, ail theories have to be calibrated and tested
against measurements. Unfortunately, very few accurate flow
kinematics measurements exist in the crest-to-trough region of
bottom undulations.

The considerations in this paper are confined to the study
of uniform or quasi-uniform flows only which can be treated as
two-dimensional. The experiments were carried out in a flume
with an undulated bottom using a laser Doppler anemometer
(LDA) to obtain velocity profiles. Research concentrated on the
bottom crest and trough regions and covered a number of
different flow and bottom uadulation conditions.

2. MODEL: STEADY-STATE FLOW OVER AN
UNDULATED BOTTOM |

Assume that the fluid is of depth & and has flow velocity
U in the positive x-direction. The bed is impermeable and
undulated infinitely, and the flow nonseparating. Let the

function y = - A + 7¥(x) describe the bedform. where 7fx) = a
Cos kx and a is small.

In this analysis the formn of the bed and free surface will be
idealized as two-dimensional. The flow will be treated as
irrotational, and the viscosity, surface tension. and the
compressibility of the fluid will be neglected. The velocity »
can be expressed as the gradient of a velocity potential ¢ which
must represent the uniform current 7 and a small perturbed
motion of fluid;

ve=fU+u v]=-grad ¢

where u and v are velocity components of the fluid motion, and
@ is the sum of the velocity potential (-Ux) existing in the
absence of bottom undulations and the perturbation @*.

If the displacement of the fluid free surface is £, the linear
boundary problem is’ as follows

Ap*=10 at -h £y<0 (2)

P G+ =0 on y=0 {3)

g{+Up*, =0 on y=@ (4)
U+ et=0 on y=-h {5)

where subscripts denote differentiation. ‘
The velocity potential is expressed by

3
p=—Ux+—2Y {(—% +iyeY —(% _ige kY ]%
2 Gk, U Ut <

{(6)
where ¢ is the celerity of waves of length L = 2x/& in water of
depth A

¢’ = g/k Tanh kh (7)
The equation of free surface is

{= alF Cos kx /[Cosh kh (1P - )] (8)

Thus the crests -and troughs of the free surface and the
bottom correspond or are opposite according as

U2>C2 or UZCCZ

For deep water the horizontal velocities at the crest and
trough positions on the bed surface. u,, and u,,, are given by

ooy = U (14 ak) (9)

and so depend directly on the undulated bottom steepness ak.
The stream functioh gx,y) is determined by
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(10)
Note that any bed profile that is a simple harmonic function

of x can be obtain by linear superposition of expression of the
form n,(x) = a, Cos k, x since it is the most general Fourier
component Even though, in any particular case, Lhe coefficients
in the series may be small, their effect on the flow near the bed
may be large since the effect of the bottorn undulations depends
not on their amplitudes, but on their steepnesses.

3. EXPERIMENTAL PROCEDURES

The measurements were made in a steady-flow
recirculating flume which had a total length of 160 ¢m, a width
of 8 cm, and a depth of 14 cm. The cument was generated by a
constant head system. By adjusting the height of the weir at the
end of the flume, the desired water depth was obtained.

Two types of sediment material were used: sand with
diameters of 0.35 mm and 0.60 mm. The mean diameter of sand
particles was determined by the standard range particle size
analyzer MICROTRACII utilizing the phenomenon of low-
angle forward scattered light from a laser beam projected
through stream particle. '

The modeling clay was used to produce the undulated rigid
bottom forms, which were symmetrical about their crests in the
horizontal direction. The undulated section of bed was 100 cm
long. The flow took place over the section of undulations of
identical sinusoidal or triangular shape and size. The steepness
ak was varied through the range from 0.15 to 0.63.

The procedure in-the experiments was to measure the
velocity in the free soeam flow using volumetric method and
LDA, and to estimate stmultanecusly the response of the sand
bed by a photometric method. Estimates showed that
displacement of the fluid-sand interface from the equilibrium
position on the photopictures was measured within an accuracy
of 0.5 mm. A

The flow kinematic parameters were measured using a laser
Doppler anemometer (LDA DANTEC). A LDA-system
consisted of two beams having diameters 1 mm, one component
modular optics operating in the direct-scatter mode. Small
particles (1 - 5 pm), which are commonly present in most
liquids, provided the necessary scattering centers. The
kinematic data were recorded and processed using a data
acquisition and signal processor system and a personal
computer with special software. The velocity and armival-time
information were stored to reconstruct the mean velocity, RMS-
value, and Turbulent Intensity (T1). For these experiments the
signal processor was set for a Doppler frequency range of 0.12
MHz or 0.40 MHz. A frequency shift of 40 MHz was used for
the Doppler {requency ranges. These settings for the red light
(wavelength = 632.8 nm) covered the expected velocity range
of 0.4 10 1.1 m/s, respectively. The vertical velocity profiles
were obtained by displacing the modular oplics by means of a

traverse mechanism. Measurements were made al various
heights above the bed at horizontal positions equally spaced
over one wavelength of the bottom undulation. The combined
relative error of the velocity measurement did not usually
exceed 3%. Most of the velocity measurements outlined in this
paper were made at distance from 0.2 to 0.4 m from the leading
edge of the undulated section of bed.

4. RESULTS AND DISCUSSION

4.1. Flow over a movable sediment bed

Experiments showed that for certain intervals of the Froude
number, F, the surface of movable bed was characterized by
periodic iregularities - sand waves.

If the flow is wanquil, F < [, ripples and dunes could be
generated. These sand waves are similar in shape: they have the
upstream side with gradually varying. slope and the abrupt
downstream side. Introducing the length L and amplitude a of
sand waves, and considering the characteristic scale of uniform
flow to be the depth i, it is possible to distinguish ripples and
dunes : in the case of ripples L and a are not functions of A.
whereas for dunes they depend on h. These waves move in the
direction of flow with velocity u, (< 0.5 em/s} which is small in
comparison to the velocity I/ of uniform flow.

Figure | shows the theoretical curve derived from Eq. (1)
and experimental data. These results can be used as the basis to
estimate different bedforms: if the velocity U and the depth A
are known, that wavelengths of dunes and antidunes can be
predicted. The main discrepancy between the predicted and
experimental values of F 15 due to following factors. First,
experiments say that as a rule, bedforms had a random.
unsteady and three-dimensional structure, whereas the model
was determenistic and two-dimensional, Note that the case of
3D-bedforms was considered by Reynolds (1965). His modified
criterion for the maximum Froude pumber was in better
agreement with measured data bul did not compensate for the
discrepancy. Second, in the Kennedy-Reynolds’ model the
sediment transport was considered in the vicinity of the bed (so-
called ‘bed-ivad transport’). notwithstanding the transport ol
suspended material. Finally, the model was derived in the
approximation of ideal fluid. All this is well-khown and
described in greater detail in many places.

To simplify the complicated problem of fluid flow over a
sediment bed, an attempt was made to consider only the fluid
region over a ngid undulated bottom.

4.2. Flow over undulated rigid bottom

Experiments have been performed to determine the near-
bottom velocity field.~ These results are necessary to an
understanding of the response of the bed to the uniform fow in
the {luid area.
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The original bed profile is shown in detail as the full line in
the lower part of Fig. 2(a). The bed wavelength was L = 11.4
tm, 50 its steepness was ak = 0.25. The flow above the zero
streamline = 0 displays the expected features, namely that the
streamlines converge over crests and diverge over the troughs.
The consequence of this may be seen in Fig. 2(b), where
measured and predicted (See Eq.(6)) vertical profiles of
horizontal velocity u are shown. At the crest the surface velocity
is 1.27U, where U is the undisturbed free-stream velocity, and
ot the trough the surface velocity is 0.68U. The velocity
perturbation due to the bed form extends throughout the area of
the flow up io free surface because water is relative shallow
compared with the bed wavelength (/1=0.39). The presence of
a free surface caused relative increases in velocity over crests,
and relative decreases in the wroughs. The theory is in good
agreement with the experimental data.
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Figure 1. Comparison of predicted and observed forms

The dependence of results upon kh is,expected on the basis
of the results for perturbed potential flow. Fig. 3 shows the
flow features in the case kh = 3.85.

Note that in near-bottom and near-free-surface regions, the
measured velocity prifiles deviate from the theoretical
profiles.There are three major reasons for the deviations
observed in the LDA measurements: [) velocity information is
integrated over the finite size of the measuring volume. For a
zero or small velocity gradient, this integration does not affect
the mean values. However, if the velocity gradient is changing,
this effect becomes important; 2) LDA measurements are
discrete and, therefore, the measurements at different points in a
velocity profile must be phase-related. In this respect, in
addition to emrors relating to the phase trigger accuracy, the
fluctuations in the driving frequency during the measurements
must be added. These errors could not be accurately estimeted;

3) in very-near-bottom or free surface regions, reflections from
bed or free surfaces are collected by the receiving optics. These
reflections contain the shift frequency and are detected as zero
velocity. For larger velocities, the signal evaluation algerithm
can reject such influences. For small velocities, this effect leads
to lower velocity estimates. The effect could be reduced if
refractive-index matched device was used (Teufel er al, 1992).
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Flg. 2. a) Streamlines for nonseparating flow over the
undulated rigid bottom; b) Vertical profiles of the
normalized horizontal velocity above crest and trough
positions: U=38cm/s,a=0.5cm,L =114 cm

In Fig. 4 the mean velocity /U and turbulent intensity (T
at three different levels are plotted as functions of downstream
distance. Dots represent model results. In spite of the Scatter of
experimental points, the model calculation exhibits the major
features of the flow. In particular, note the profiles at y = - 5.8
cm and y = - 5.0 cm above bed. The calculation indicates that at
these levels the flow decelerates initially and then accelerates
father downstream, and the dala support this fact. A related
result of spacial non-homogeneity was obtained by McLean and
Smith (1986) in studies of the Mow over a large sand waves (2.7
m high and 74 m long) in Columbia River.

The extreme valueg of horizontal flow velocily over crests
and troughs as functions of bedform steepness, and the results
of calculations (See Eq. (9)) are plotted in Fig. 5. The
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dimensionless velocity increases at the crest and decreases at
the trough as the steepness ak increases.

The measured values of u obeyed the linear curve in the
semi-log plot. Therefore, the friction velocity u. could be
evaluated from the general log-law with the von Karman
constant 2.5. The friction velocity may be used to determine the
shear stresses 7 exerted on bottom undulations by a turbulent
fluid stream. For bedforms, the basic parameters affecting the
friction f are the water density and dynamic viscosity, the
friction velocity u., the average flow depth k, the undulation
amplitude a, and the bed length L.
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Figure 3. a) Streamlines for nonseparating fiow over
the undulated rigid bottom; b) Ven:tlcal profiles of the
normalized horizontal velocity above crest and trough
positions: U=24.5cm/s,a=0.7 cm,L =11.4 cm

The results in Figures 6 and 7 are for symmetrical
triangular bedforms, and calculations have been performed by
adopting the choice seven harmonics in Fourier series form.
This is thought to give a good compromise between
experimental and model profiles.

6. CONCLUSIONS
The flow pattern over an undulated rigid bottom has been

considered, and the results of the experimental study are
presented. The experimental observations have shown that the

bottom undulations have a significant effect upon both the mean
velocity profiles and the magnitude of the turbulent fluctuations.

The overall agreement between the potential flow lincar
model and the measurements of the horizontal average of the
time-mean velocity is suprisingly good in view of fact that this
model was derived for non-separating flow. However, the
horizontal velocity clearly deviates from calculated values in
the immediate vicinity of the bed. This is probably due to the
large-scale momentum exchanges associated with vortex
formation.
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Figure 5. Dimensionless horizontal velocities ucrAr at
crest and trough as functions of bedform steepness
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Figure 6. a) Streamlines for nonseparating flow over
the “sawtooth” rigid bottom; b} Vertical profiles of the
normalized horizontal velocity above crest and trough
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EFFECT OF INCLINATION ANGLES AND UPPER END CONDITIONS
ON THE COUNTERCURRENT FLOW LIMITATION
IN STRAIGHT CIRCULAR PIPES
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ABSTRACT
In the present study, the experimental data of the countercurrent flow limitation (CCFL)
for air and water in inclined pipes are investigated. Water is introduced at the top of the test
section while air 1s imected at the bottom as countercurrent flow. The water flow rate is
fixed while the air flow rate is siowly increased, unti] the CCFL is reached. Data from each
experiment consists of the flow rates of air and water. The curves of CCFL are built and
shown as a function of the dimensionless superficial velocity, The influence of the
inclination angles of the pipes and upper end conditions on CCFL are also discussed.
© 1998 Elsevier Science Ltd

Introduction

Countercurrent flow limitation (CCFL) or the onset of flooding refers to the Limiting condition at
which the flow rates of both the gas and the liquid phase cannot be increased further. A further increase
will canse the liquid to be carried by the gas. This is a subject of engineering interest. particularly in the
design of two-phase heat and mass transfer processes.

Many studies have been carried out, both experimentally and analytically on CCFL. mostly in
vertical pipes [1.2,3,4]. The CCFL in an inclined pipe has received comparatively very littie attention in the
literature. Some of the earliest work was performed by Bamea et. al. {5] with particular attention on the
effect of the water inlet sections. Two types of water inlet sections. an inner tube section and a porous
section. are used in the experiments. Data on flooding were collected and predictive models for calculating
the flooding conditions were proposed.

Celata et. al. [6.7] evaluated the influence of slight deviations from the vertical posttion on the

flooding parameters in a circular pipe. with and witkout obstructions respectively, An improvement on the
117
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Bamea et. al. mode! for the prediction of the onset of flooding in inclined pipes was proposed. Geweke
et.al. [8] investigated the influénce of pipe diameter and the inclination angle on the flooding Linit. Anples
of 5° to 50° from the horizontal were chosen. A new calculation procedure based upen a two-fluid model
was developed.

Relatively little information is currently available on the countercurrent flow limitation or flooding
phenomena in inclined circular pipes. The effect of the inclination angles and the upper end conditions have -
not yet been clearly investigated. In the present study, the experimental results of the CCFL ‘of air and
water in inclined circular pipes are obtained and the effects of a small inclination angle from the vertical
and upper end condition of the test section are investigated.

Experimental Apparatus and Method

A schematic diagram of the test facility is shown in Fig 1. In the experimental investigations, air
and water were used as the working fluids. The main components of the system consisted of the test
_section, an air supply, a water supply and instrumentation. The test section, with an inside diameter of 29
mm the length of 3.50 m was constructed from transparent acrylic glass to permit visual observation of the
ﬂowpattcms.fheconnecﬁonsofﬂxcpipmgsysmnmdesignedmchthaxth_ecomponeutpancanbc
changed very easily. Water was pumped from the storage tank through a rotameter, to the water inlet
section and hence flowed back to the storage tank. The water inlet section (Fig. 7) was constructed from
two concentric tubes, the inner tube being the test section or sinter which was radially drilled with 350
holes of 1 mm diameter, The inner tube of the sinter was also covered with. a fine wire mesh to distribute
the water smoothly along the inclined pipe.

The water m the inlet section flowed downwards to the storage tank while the air flowed
countercurrently. The level of water in the water outlet section was kept constant, and the excess water was
retumned to the storage tank. Two types. of upper end conditions (open and closed) (see Fig.1) were used m
the experiments. Air was supplied to the test section by a blower and the air flow was controlled by a valve
at the outlet of a blower. The inlet flow rate of air was measured by means of an orfice and
micromanometer, and the indet flow rate of water was measured by three sets of rotameter within the range
of 0-4.8 m'h.  The temperatures of air and water were measured by thermocouples (+ 6.5%). The two
phase pressure drop between the test section was measured by a digital manometer within resolution of 0.1
Pa.
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Experiments were conducted at various air and water flow rates,.at varying inclination angles from
the vertical (8) and a varicty of upper end conditions. In the experiments. the air flow rate was increased by
small increments while the water flow rate was kept constant at a preselected value. After each change in
the inlet air flow rate, both the air and water flow rates were recorded. The experiments were continued
untit the onset of flooding was observed.

Results and Discussion

The countercurrent flow limitation was determined by keeping the imjected water flow rates
constant, while the air flow rate was increased in small increments up to the onset of flooding. Flooding
was ebserved 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 were equal. As the air
flow rate was gradually increased, the pressurc drop of two-phase flow increased slightly. At the onset of
flooding, due to instzbilities at the interface, slugging occurred and the pressure drop suddenly increased.

- The slugs 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 decreased.

Typical flooding curves connecting all points of the onset of flooding are shown in Figs 3 to 8.
They show the relationship between the square root of the dimensionless superficial velocity of water

(Ju )" with the square root of the dimensionless superficial velocity of air (i, )" . The variables |, .

) are defined by

/2
.. Py
h=hl——| »
k k[(,)L.- G)gD] k=GL

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.

At specific experimental conditions the onset of flooding was found 1o depend on the wiet feed
water flow rate. The air flow rate creating the onset of flooding decreased as the water flow rate increased.
The effect of the inclination angle from the vertical is shown in Figs. 3 and 4. In the case of an upper open
end, the water flows along nearly vertical inclined pipes were accelerated by grawvity and tended to depress
the growth of unstable waves. A greater air flow rate was therefore required to cause flooding. The effect
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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 from the vertical position. This means that
the flooding points of the open system and the closed system become more distinct as the inclination angle
from the ‘vertical was increased. ( Figs. 5 to 8). The resulis are also compared with those from Bamea
etal. [S], D = 51 mm and Celata et.al. [6,7), D = 20 mm and shown in Figs. 5 to 7. The data points from
Barmea etal, [5] aré taken from a log-log plot, thus causing some uncertaintiesr Therefore only some
points are shown in the figures. However the results from Bamea et.al. correlated quite well with those of
this study in the case of an upper closed end system.

Conclusion

This paper presents new data for-countercurrent flow of gas and liguid in a pipe which is slightly
inclined from the vertical. Experiments were performed to determine the countercurrent flow limitation {or
onset of flooding). Water was ejected through the test section while air flowed countercurrently ‘and the
-phenomena was 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 mcreases. 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 increasing inclination angles from the vertical, 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 becomie large when the

inclination angle 1s increased.
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Nomenclature

D pipe diameter, m

4 gravitational acceleration, m/s’
] superficial velocity, m/s

i* dimensionless superfictal velocity
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Greek Symbols

8 inclination angle from the vertical, deg.

o] density, kg/m’

AP pressure drop, Pa

Subscripts

k gas or liquid

G gas

L hquid
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