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Abstract—Detailed distributions of void fraction and velocity are observed for flow in the vicinity of a
junction where a side branch draws a flow from a vertical main pipe flow of a gas-liquid mixture in the
froth-bubbly flow regime. Velocity ratio, momentum and energy distribution parameters determined from
these needle void probe measurements are then combined with the equations for compressible mixture
flow to facilitate the determination of the branch junction force and pressure loss coefficients. Values of
these coefficients were found to be of comparable magnitude to those found in single-phase flow through
a junction, although some significant variations due to the larger proportion of the gas phase diverted
to the branch were observed. This larger proportion of gas phase division to the branch increased with
the mixture void fraction and overall branch flow rate. Whilst the branch flow was stratified, it was found
to be significantly less intermittent in nature than the main inlet and outlet flows. Pulsations in the void
fraction were between 0.2 of the local mean void fraction in the branch and 0.6 in the main outlet flow,
which also tended to exhibit a characteristic frequency of voidage pulsation.
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1. INTRODUCTION

Fluid flow into a side branch from a pipe flow depends upon the inter-relation between flow rates
to the branch and main pipes downstream of the junction and the pressure loss between the single
main inlet flow and the two outlet flows. For single-phase flows this problem has been modelled
in terms of a momentum balance at the junction by Vogel (1926/28), Enger & Levy (1929) and
Acrivos (1959), who introduced empirical relations between the net forces on the solid walls of the
junction and the momentum fiuxes of the flows. These forces depend, of course, upon the pressure
distributions in the immediate vicinity of the junction and could only be determined on an empirical
basis. This approach was extended by Benson & Woolatt (1966) for compressible single-phase flow
and to include both momentum equations in the direction of the main flow and in the direction
along the branch pipe, finding that the pressure drop to the main and side branches could be
represented by

pr—pr =k (pui — pyu3) (1]

and

4 ——p3=k2(p3u§), (2]

where suffices 1, 2 and 3 denote inlet, main outlet and branch outlet, respectively. Whilst such a
simplified representation of pressure drop may only be valid under certain restricted conditions,
it 1s clear that [1] and [2] are an oversimplification, in general, and might not be particularly accurate
under all possible conditions of flow. However, they illustrate the general approach to normaliz-
ation of junction pressure drops which is adopted, with variations in detail, to correlate data under
varying conditions of junction geometry and flow. The flow density, velocity and pressure are
denoted by p, u and p, respectively, and it was found that £, ~ 0.7, and that k, was in the range
0.3-0.6. Subsequently, a number of more detailed investigations of single-phase junction flows were
carried out by McNown (1954), Zeisser (1963) and Bajura (1971), whilst Jamison & Villemonte
(1971), Miller (1978) and Williamson & Rhone (1973) investigated the flows in terms of the energy
loss between the inlet and two outlet flows. The majority of investigations have dealt with a
perpendicular branch with a dividing (as opposed to joining) flow direction. Ito & Imai (1973) and
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others have considered the influence of the sharpness of the junction edges, whilst a dominant
parameter in many investigations has been the ratio of branch to main pipe diameters.

Under two-phase flow conditions the behaviour of the branch junction is complicated consider-
ably by the structure of the gas-liquid mixture and, in particular, by its influence on the relative
division of the two phases to the main and branch outlets, which becomes a parameter of great
significance in the overall design of two-phase flow systems (Tsuyama & Taga 1959). Various
attempts have been made to establish a basis for manifold designs providing equal quality for
vapour-liquid mixtures to all outlets (Greene 1967; Fouda & Rhodes 1972, 1974), whilst Oranje
(1973) has considered the occurrence of favoured routes for the liquid phase in complex natural
gas flow systems. This work and that of Hong (1978) have primarily been concerned with quite
high quality flows. Azzopardi & Whalley (1982) investigated the subdivision of two-phase flow at
a junction, paying particular attention to the concept of extraction from a segment of the main
pipe flow under annular flow conditions. Investigations at lower mixture qualities have been carried
out by Collier (1976) and Honan & Lahey (1978). These showed a strong tendency for the gas phase
to pass to the branch rather than to the main outlet pipe, and diagrams showing the proportionate
division of phases passing to the two outlet flows were shown to demonstrate this to increase with
inlet quality or void fraction. Pressure drop data were considered in a manner somewhat similar
to that established for single-phase flow by Madden & St Pierre (1970), Fouda & Rhodes (1974)
and Tsuyama & Taga (1959).

The purpose of the present paper is to carry out a much more detailed investigation of the
two-phase flow structure in the vicinity of the junction using the void probe technique developed
by Herringe & Davis (1974, 1976) to investigate velocity, void fraction and bubble size distributions
within the flow. In addition, the techniques developed by Fungtamasan & Davis (1984) also provide
an experimental insight into the occurrence and propagation of intermittent structures within froth
or bubbly flows (i.e. as distinct from slug flows where this intermittency develops to its logical limit).
This more detailed investigation also makes possible the inclusion of velocity ratio or relative
motion effects determined from the flow structure measurements in the consideration of pressure
losses.

2. ANALYSIS OF TWO-PHASE FLOW THROUGH A BRANCH JUNCTION

Gas-liquid mixtures have inertia, which is dominated by the liquid phase, and compressibility,
which is dominated by the gas phase. In addition, the average velocity of the two phases is not
necessarily the same. Thus, in considering the behaviour of gas-liquid mixture flows and in
comparing this with that of single-phase flows, it is necessary to take account of these effects in
terms of the compressible nature of the flow and the velocity ratio (S, the ratio of cross-sectional
average gas velocity {ug > to that of the liquid {u; >, where { > denotes the area average over the
cross-section). For gas-liquid mixture flows the absence of transfer between the phases makes it
possible to relate the local average mixture density p,, to a reference inlet condition, denoted by
suffix 1, where

Pm=€pg P + (1 —€)py, (3]

where p = dimensionless pressure = p/p;, ¢ is the void fraction and p is the density of the mixture,
gas or liquid according to the suffix. (In this and subsequent equations where area averages are
implied, the notation { ) is omitted for brevity, except in a few cases where it is needed to
emphasize the methods of area averaging.) With no transfer between phases, the void fraction is
then given by the following equation if isothermal compression of the gas phase is assumed:

S
£={<§I>(l—el)+e|ﬁ"]ﬁ“- [4]

If we introduce the fraction ¢ of the inlet mass flow which is diverted to the branch, then the
conservation equations of mass flow of each phase can be combined with the above equations
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applied between inlet, branch outlet (suffix 3) and main outlet (suffix 2) to give the following
expressions for void fraction in terms of the outlet pressures:

€\ [(aL\(S: I I
(C—I>—{_(a>(§]>(l—€|)+élps ]P3} (3]
Q) _ [ —=a)/S, I

<€_|>—{_(1 ‘Go)<§)(l —6)+€p, ]Pz} . [6]

Expressions for the density of branch and main outlet flows then follow directly from [3].

The flow through the junction can be analysed on a momentum basis if the net boundary forces
due to normal pressure on the pipe walls are introduced as F, in the main outlet direction and F,
in the branch direction (figure 1). If we follow the approach of Katz (1967) and Bajura (1971) for
single-phase flow, then these forces are related by coefficients, k. and &, to the inlet flow mass flux
density and the branch flow velocity as follows:

F.= k.\'{pGI L€ ug Y<ugyy + po (1 — ¢y, ><uL3>}A3 (71

I:.\'
Fo—k, (k_) 18]

Alternative definitions of coefficients describing these out of balance forces on the junction are
of course possible, but in general it is possible to relate such alternative coefficients to those defined
here and the approach of Katz (1967) is adopted for the purposes of comparison with single-phase
flow. It then follows that the pressures in the main and branch outlets can be related to the inlet
flow conditions and the coefficients k, and k, by writing momentum balance equations in the two
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Figure 1. General arrangement of the branch junction test facility.
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directions. The main outlet and branch pressures (p, and p;) introduced represent the pressures
corresponding to the extrapolation to the junction of the frictional pressure drop lines which are
established in the outlet flows once the flows have established frictional pipe flow conditions.
Accordingly, frictional effects on the walls are not included directly and the effect of the junction
is expressed completely in terms of the net forces F, and F,. The resulting equations for the pressure
change across the junction are then

k[p U + ol —€)u (A“)]
9 X U - N T
Py 5 _p dtpcaus Tl —oui), BSR V192 Y QS
P : l (poeug + pL (1 —ut), (poeul + pL(1 —eui),
and
pi—Ps_ 1= p, = {(Pcéuzc + o (1 —ui), _k}«[ﬂclfluclucz + (1 — ¢ Juy, uu]} [10]
P YT Upceud + p (1 — ud), (poeul + p (1 — ui), ’

where the parameter D represents the ratio of the mixture inertia to local pressure,
_lpgeut + p (1 — €)ui]
» .

Note that the averaging symbols over the cross-section { ) have been omitted to simplify the
presentation, and that all quantities in [9] and [10] are area averaged. Upon substitution of the
velocity ratio S and branch take-off fractions o, and g, these equations can finally be rearranged
as quadratic equations for the pressure changes across the junction:

B+ ‘[Dl{ﬁ.l(l —el)+kv*z[“ “IH(G_G)(i)”};‘] B 1} . 1]]/32
oL S3

+ DA, [((11 - Z;ﬂ(g—‘)e, =0 [12]

P+ {D, [/".3 (j-l)z — k1, (%;)}(1 ) — 1},33 +D, {13 <fT;>Z - k_,.zzc—;)(g—f)(%)}q =0, [13]

D

(1]

where
(1 — L8 S,C 1 — 1 —¢,)C
A = L( 06)Pc1 41518, Car + ( a)p( €) Lz](l - [14]
P66 8 Coi + p(1 —¢))Cy,
P16 S S5+ p(l —¢) }
A.'): e} 15
© Lpaia S$1Coi + o (1 — )Gy - (3]
and
. [06Pc16,S18:Cas +arp (1 —€)CLy
Jy= oL (16]
B 06168, Coi +p (1 —€¢,)Cy,y

The coefficient C represents momentum distribution factors (see Yadigaroglu & Lahey 1976),
given by

{audy
C.=_H67
= Cendug Y 17
and
2
¢ - U—oud> -

T —eoduyt
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Figure 2. Variation of pressure changes across the junction (for homogeneous flow with § =1, D, =0.5,

k, =06, k, =0.1).

We see from [12] and [13] that if the flow structural parameters (velocity ratio, void fraction,
momentum distribution factors and flow subdivision fractions) are known from detailed internal
observations of the flow, then it is possible to determine the coefficients k, and &, from the observed
pressure changes j, and p,. In the experimental work to be described in section 3, experimental
observations of pressures are used as the basis for calculating k, and k,. It is clearly not possible
to attempt to calculate the pressures in the flow without any basis for assuming particular values
of k. and k,, and it is not the intention of the present work to presume any specific values of k,
and k, in order to predict experimental flow pressures. Moreover, strong three-dimensional effects
near the junction preclude consideration of the sections very near the junction in terms of a
one-dimensional simplification.

In order to demonstrate the general trends for junction pressure changes, figure 2 illustrates
pressures on the basis of presumed values of &, and k, . If the flows were homogenous (C,, C; = 1)
and the velocity ratio was unity (S = 1), then the equations above simplify to a dependence of
py and p, upon the inlet flow parameters (D, and ¢), the mixture subdivision fraction
(6 =0, =0g) and the branch area ratio (4;/A4,). Thus, p, is given by

N RO I A

and p, is given by solution of the quadratic equation
pi+ |ID| {(1 —0')2(1 —)+k[o(l—¢)+oepy']— 1} - 1]1[52+D|(1 - 0')251 =0. [20]

Solutions of these equations are shown in figure 2 and it can be seen that the normalized pressure
rise in the branch increases as the mixture void fraction decreases, whilst the main line pressure
rise decreases. These effects and the curved form of the functions of the branch take-off fraction
(o) are due to the compressible nature of the flow since the pressure rises are shown in a form that
is normalized in terms of the parameter (p,u?), which is based on the mixture average density
(pn) which is itself influenced by the inlet void fraction. It can be seen that the influence of
the mixture void fraction on the branch pressure rise is substantially stronger than on the main
outlet pressure rise. Figure 2 emphasizes the necessity of using the foregoing compressible mixture
flow equations in the analysis of observed experimental pressure rise data, as described in the
following sections.
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3. OBSERVATIONS OF FLOW STRUCTURE

(i) Distributions of voidage and velocity

A general arrangement of the experimental system is shown in figure 1. Flows of water and air
from pumps and a compressor were metered using standard orifice meters and were then passed
through regulating valves to a conical mixing chamber. This was of the design described by
Herringe & Davis (1974) and produced a well-mixed upward froth flow at its outlet, the flows being
injected through a set of nozzles located in the baseplate of the conical chamber. The nozzle outlet
and main vertical upward flow pipe line were of dia 50 mm. The branch junction under test was
located 1.2 m above the conical mixer outlet, and the main vertical pipe continued in a vertical
direction for a further 3.74 m before being discharged downwards through a U-bend and control
valve to the atmosphere. The junction piece was machined from Perspex and was in the form of
the intersection of the main vertical tube by a horizontal side branch without any additional
machining to streamline the edges of the junction, apart from removal of burrs and smoothing of
the actual edge. Two junctions were used, having horizontal side branches of 50 and 25 mm dia,
each being polished after machining to allow observation of the flow. The horizontal branch
extended at constant diameter to a distance of 1.3 m from the junction before discharging into a
large separating chamber with a top exit for the air flow and a bottom exit for the water flow, each
flow being metered by an orifice plate so that the total mass flows of gas and liquid in all three
pipes at the junction could be calculated.

Experiments were carried out for flows which appeared to be of the bubbly or froth type having
void fractions between 0.25 and 0.9 and velocity between 2 and 9 m/s in the various sections of
the system. This placed the flows in the vicinity of the transitional boundary between finely
dispersed bubble and churn flow on the flow regime map of Taitel et al. (1980), this being consistent
with the appearance of the flows. Visual inspection, flash photography and high-speed film of the
flows indicated that intermittent effects were present in the form of general concentrations of bubble
clouds moving somewhat faster than the average mixture velocity, as described by Fungtamasan
& Davis (1984).

Detailed observations of the flow structure were made using the resistivity needle probe method
developed by Herringe & Davis (1974). The probes were of the double-needle type, with a
streamwise separation of the two side-by-side stainless steel needle tips of 5 mm. The needles were
insulated by epoxy except for a small zone near the tip with a radius of 6 um and an exposed length
of about 50 mm. Each needle was operated as part of a separate a.c. bridge and generated a
two-state signal, indicating the presence of gas or liquid at the tip after appropriate demodulation
and gating. The local mixture void fraction was determined by probability analysis of the front
needle signal which showed a step at a position corresponding to the fraction of time gas was
present at the tip (taken as the definition of point local void fraction), whilst the mixture local
velocity was determined by cross-correlation of the two needle signals. These analyses were carried
out using a Hewlett Packard 3721A correlation/probability analyser, and formed the basis for
observations of detailed local voidage and velocity profiles across the flow.

Figures 3 and 4 show representative voidage and velocity profiles for the inlet, main outlet and
branch pipes, respectively. In general, the inlet flows were relatively well-mixed, having only a small
and symmetric variation of velocity across the section but with a more substantial variation of
mixture void fraction. The main outlet flows generally showed a nearly symmetrical distribution
of void fraction, whilst the velocity profiles showed a significantly higher velocity on the side
adjacent to and above the branch exit. Owing to its horizontal orientation the branch pipe
contained a substantial concentration of the gas phase towards the top of the cross-section, whilst
the velocity profiles in the branch were relatively uniform and symmetrical. However, at higher
mixture average velocity it was found that the branch pipe velocity profile showed a maximum in
the region of higher local void fraction, particularly for the smaller branch, as illustrated in figures
3(b) and 4(b). Integration of these profiles in the inlet and both outlets to obtain the total gas phase
volumetric flux over the whole cross-section indicated results that were generally within 5%, on
average, of the flow metered external to the rig, the probe traverses giving slightly lower flow rates,
presumably due to the deflection of some smaller bubbles or else due to the combination of the
observations over only a few diameters with significant asymmetry of flow. These results also allow
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Figure 3. Voidage distributions in the vicinity of the junction. (a) d;/d, =1.0, flow condition 2;
(b) dy/d, = 0.5, flow condition 3.

determination of the average velocity ratios in terms of the area-averaged velocities (see Zuber &
Findlay 1965) as
—1 _ 1
e 1]
Cupy B~ —1
where the angle brackets denote area average, ¢ is the total void fraction, f = gas volumetric
flow/total volumetric flow and ug and u; are the gas and liquid velocities, respectively. Figure 5
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Figure 5. Velocity ratios observed in the vicinity of the junction (at sections 1, 2 and 3). +, Inlet; O, main
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shows that across all the observations there was a general tendency for the velocity ratio to increase
with average void fraction, being in the range between 1.0 and 1.5.

The detailed profiles within the mixture flow observed with the void detection probes also allow
determination of the gas phase momentum coefficient C;. as defined in [17], which would be
expected to have a similar value to C if the flows are locally well-mixed. Also, it is possible to
determine kinetic energy correction factors Cg, and C, for the gas and liquid phases, as defined
by

{eud
CGC—— 3 22
B 22
and
-l -

ROt

Values of the momentum and kinetic energy correction factors for the inlet and both outlet pipes
are shown in table 1. Values in the inlet and main and branch outlets are shown for locations
marked 1, 2 and 3 in figure 1. As voidage probe measurements were not taken at other positions
along the pipes it is only possible to show detailed data at these particular sections. Moreover,
strong three-dimensional effects very close to the junction preclude the use of the correction factors
shown in table 1 in that region as they rely on the assumption that only the axial velocity
components are significant. In general, these corrections for distribution effects lie between 1.0 and
28%, with the average of all values being about 5%. Since the flow structural data is available for
all cases tested here, these correction factors are introduced in the calculations of the pressure loss
and force coefficients in subsequent sections, together with the velocity ratios S measured in each
case.

(ii) Distributions of bubble size and intermittent flow fluctuations

Bubble size distributions were measured using the techniques of Herringe & Davis (1976) by
means of a pulse width to height converter, sample and hold system and probability analyser.
Figure 6 shows the mean bubble size distributions of the inlet and outlet flows, indicated here as
the mean of all detected streamwise chord sizes. A detailed discussion of alternative weightings in
the calculation of bubble size (i.e. by detected chords, detected bubbles or by volumetric mean)
is given by Herringe & Davis (1976). It can be seen that whilst the inlet flow has appreciably larger
size bubbles at the centreline, with average detected chords of up to 10 mm, the bubble size reduces
sharply (to around 2 mm for the larger side branch) and becomes more uniform in the main outlet
pipe, in particular with the large branch where a larger branch flow is drawn off. In the lower half
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Figure 6. Mean bubble size distributions in the vicinity of the junction. (a) ¢i/d, = 1.0, flow condition 2;
(b) d,/d, = 0.5, fiow condition 3.

of the side branch bubble sizes are generally comparable with those of the main outlet, whilst quite
large voids with average detected chordal lengths of up to 50 mm are found in the upper half.
Clearly these can not be approximately regarded as spherical voids, and for this reason the results
are shown as detected chordal lengths rather than interpreting these in terms of bubble diameters
on the basis of the assumptions of spherical shape (see Herringe & Davis 1976). The results thus
show the combined effects of turbulent losses at the junction, acting to substantially reduce bubble
size in flow regions where the gas and liquid are well-mixed, and of stratification in the side branch,
giving rise to the occurrence of quite large gas voids in the upper half of the branch flow moving
at a higher velocity than the remainder of the flow.

Observation of intermittent flow fluctuations were made by passing the void probe two-state
signal through a low-pass filtering average circuit, as described by Fungtamasan & Davis (1984).
This allowed resolution of the relatively slow fluctuations of local void fraction which occurred at
frequencies of ~20Hz, these being much slower than the passage of individual voids which
occurred at frequencies of ~ 1000 Hz typically. In general, the voidage fluctuations in the inlet and
side branch were random in nature with a broad distribution of fluctuation energy over the range
to ~20 Hz, whilst there was a distinct tendency for fluctuations at 5-6 Hz to occur in the main
outlet flow when the average velocity there was above 3.5 m/s. At lower velocities the main outlet
voidage fluctuations were similar to those in the inlet and broadband in nature with no particular
dominant frequency component. The r.m.s. amplitude of these voidage fluctuations was on average
0.35 of the mean local voidage in the inlet flow, with a relatively steadier flow in the branch having
an r.m.s. voidage fluctuation of 0.20 of the mean local voidage. In the main outlet conditions were
significantly less steady, with r.m.s. voidage fluctuations increasing to about 0.69 of the mean local
voidage. However, in general, these levels of relatively slow fluctuation of local voidage were not
sufficient to give rise to the formation of distinctive slugs of gas, and the flows thus lie in the churn
or bubbly flow regions and exhibit a significant level of unsteadiness at low frequency in the local
mixture voidage.

It was possible to measure the cross-correlation between the low frequency voidage fluctuations
at the inlet and either of the two outlets, and thus to determine the time for low-frequency voidage
pulsations to propagate through the junction. Maximum values of the correlation coefficient
occurred at times corresponding to the transport time through the junction and had values of about
0.2, indicating that the junction had significantly distorted the patterns of void fraction variations
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as they moved through the junction. It was found that, on average, the voidage fluctuations passed
through the junction at between 1.05 and 1.58 times the superficial average mixture velocity (based
on volumetric flow rates). The transport time was relatively constant over all frequencies, as
illustrated in figure 7 which shows the dependence of transport time on frequency, obtained by
Fourier transformation of the cross-correlation function into the phase spectrum and by division
by frequency to obtain the transport time. In general, it thus appears that the voidage fluctuations
move more rapidly than the average mixture velocity, a result consistent with the observation of
velocity ratios (S, figure 5) also in the range between 1.0 and 1.5.

(iii) Subdivision of the flow by the junction

The subdivision of the two phases by the junctions was measured directly from the overall mass
flow measurements in the inlet and branch outlets. For a given inlet flow condition adjustments
were made to the regulating valves on the branch and main outlets so that differing branch take-off
flows were achieved. The results of these tests are shown in figure 8, from which it can be seen
that in all cases a proportionately higher fraction of the gas flow is diverted to the branch. This
effect increases relatively as the branch take-off is increased, and also with an increase in the mixture
inlet void fraction. These results are generally consistent with the observations of Collier (1976)
at a much higher gas content and of Honan & Lahey (1978), and also with the recent work of
Hwang er al. (1988) who also reported data for subdivision of 40° angle junctions of equal branch
and main pipe areas. It appears that since the inlet flow has an appreciably higher gas content near
the flow centreline, the performance of the junction is dominated by the separation of phases
induced by the pressure gradients in the junction itself and by the substantially greater inertia of
the liquid phase, which makes it very much less responsive to the transverse pressure gradients
which must exist towards the side branch. These results are in general conformity with those of
Hoang & Davis (1984), who found that similar inlet flows to a 180° bend induced considerable
separation of phases within the bend, and it thus appears that the gas and liquid phases are
relatively weakly coupled. The occurrence of velocity ratios in the range up to 1.5 also reflects this
generally weak coupling of the phases, and it would appear that the restriction of velocity ratios
to even this value is a consequence of the mixing of phases over relatively long distances within
one-dimensional pipe flows without the much more rapid changes of flow momentum that are
induced at pipe components such as branch junctions and bends. As has been seen, this process
is probably influenced significantly by the concentration of gas into bubble clouds along the flow
axis. However, the branch flow, although stratified, is relatively much better homogenized along
the flow direction than is the main outlet flow, reflecting the strong induced mixing effects which
would be associated with the extraction of relatively high proportions of the gas phase from the
central region of the main pipe flow through the outer region of much lower gas content.

4. PRESSURE LOSS THROUGH THE JUNCTION

Detailed observations were made of the pressure distributions around the circumference of the
inlet and outlet pipes in the immediate vicinity of the junction, and some examples are shown in
figure 9. The pressures on the main pipe walls are higher on the side opposite to the junction,
reflecting the requirement to provide a force in that direction to sustain the side branch momentum
flux. In the side branch the pressure is higher on the side furthest from the inlet pipe, thus providing
a force component in a direction opposite to the inlet flow to reduce the momentum flux in the
inlet flow direction. The magnitude of these pressure differentials is in the range extending to
approx. 0.5 m of water head. This corresponds quite closely to the dynamic pressure rise of the
inlet flow, as would be expected. The present results are not sufficiently detailed to form a basis
for calculation of the force coefficients k, and &, from integration of the wall pressure distributions,
but it can be seen that k, and &, [7] and [8], would be expected from these limited observations
to be of a magnitude in the range of approx. 0.5.

Streamwise distributions of wall static pressures are shown in figure 10. The results show quite
clearly the development of frictional pipe flow in the three pipes away from the junction where the
pressures reduce steadily in the flow direction. In the main inlet and outlet pipes these frictional
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Figure 9. Wall pressure distributions in the vicinity of the junction. [Figures denote static pressures at
the wall (metres of water), gauge positions indicate the distance from the junction of observations.]

profiles are maintained quite close to the junction, whilst in the branch pipe the transitional process
for development of frictional pipe flow appears to extend for a greater distance from the junction.
From these observations it was possible to define a distinct settling length required in the side
branch in terms of the position where the steady frictional pressure drop commenced. It can be
seen from figure 11 that the normalized transition length was larger in the case of the smaller tube
when the side branch diameter was used as a reference. Since there is approximately a 1.5: 1
difference in these normalized settling lengths with &;/d, = 0.5 and 1.0, it follows that the settling
lengths were physically quite similar for the two test junctions. The results show a clear trend for
the transition length to reduce as the mixture gas volume flow fraction increased, and for the
transition length to increase with mixture Reynolds number (calculated here on the basis of mixture
average density and velocity, the pipe diameter and the liquid velocity). As a further check on these
observations, the slopes of the frictional pipe flow pressure drop lines for the inlet and outlet pipes
and the mixture mean flow conditions in each pipe were used to calculate the friction factor for
each pipe using the compressible gas-liquid flow relations of Davis (1974). The results are shown
in figure 12, and indicate only approximate agreement with the experimental correlations of Davis
(1974). The rather higher values observed in the inlet pipe here may be due to the fact that the
present data commence at the mixer outlet and that the flow is not fully developed over at least
the first part of the inlet pipe length. The main outlet results show quite close consistency with the
results of Davis (1974), whilst the rather lower friction factors found in the branch pipe may be
due again to the absence of a long settling length to establish a fully developed (in this case
stratified) pipe flow.
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Having thus confirmed that the steady pressure drop sections of the observed axial pressure
profiles do correspond to the condition of frictional pipe flow, and also having established that a
certain transition distance exists where the junction influences the flow, it was possible to
extrapolate the frictional pressure drop lines back to the junction point so as to define values of
(p; — p;) and (p, — p;), as illustrated in figure 10. The extrapolation was based on the section of
the axial pressure distributions showing a steady frictional pressure gradient. The dotted lines
in figure 10 merely serve to link corresponding sections of data, and are not intended to indicate
pressures at the junction. The observed pressure changes across the junction are shown in
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figure 13, and are seen to be in general conformity with the predicted dependence upon take-off
ratio shown in figure 2. These results were then combined with the velocity ratios (S) and flow
distribution parameters (C,,, C,) determined from the void probe observations, described in section
3, and [12] and [13] were used to determine the junction force coefficients k, and k,. This process
thus allows for compressibility of the gas-liquid mixture flow and also for the distribution of
voidage and velocity actually existing in the flow in the calculation of k, and k,. As will be seen,
presentation of these results in terms of the force coefficients k, and k, allows a direct comparison
to be made with single-phase flow data and, for this reason, force coefficient results rather than
the actual net junction forces (F, and F,) are presented here. The results for all five test flows with
the two test junctions are shown in figure 14 for overall mixture take-off fractions in the range
0.1-0.35. The streamwise force coefficient k, was found to lie in the range 0.5-0.7, with a tendency
for this to reduce as the mixture void fraction increased to about 0.5, and then to increase again.
This behaviour is somewhat similar to that observed for the subdivision of the flow, which gave
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Figure 13, Normalized pressure changes across the junction. (a) Inlet to the main outlet. (b) Inlet to the
branch. ——, Miller (1978); — - —, McNown (1954).
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an increasing branch relative gas flow up to a void fraction of about 0.5 with a tendency for the
relative gas flow to reduce at higher void fractions (figure 8). Whilst the present results clearly lie
close to the values of &, observed by McNown (1954) and Miller (1971) for single-phase flows, the
indication of an increase in k, as the branch size is reduced was not as clear in the present tests.
This may, in part, be due to the relatively strong obscuring effect of the gas content in these
two-phase flow tests which reduces k, with increasing gas content, although it can be seen in
figure 14 that there is an indication of a value of k, nearer to the McNown line for d;/d, = 0.5 in
the two-phase tests for that branch size. The observed values of the transverse force coefficient k,
are seen to lie quite close to the results of Miller (1971) for the smaller sized branch [figure 14],
whereas in the case of the larger sized branch (d;/d, = 1.0) the results are considerably smaller than
those of Miller (1978) and McNown (1954). In considering these results it needs to be borne in
mind that the definition of the coefficient &, [8], adopted here follows the approach adopted by
these previous authors for single-phase flow. As has been seen, the gas content of the side branch
flow is proportionately much higher than for the inlet flow, and thus the use of the inlet
mixture flow density in the definition of the transverse force coefficient is probably not entirely
appropriate since the transverse forces are more likely to scale with the density and velocity in the
side branch.

The loss of stagnation pressure which the flow experiences in passing from the inlet to
each outlet flow can be determined if the stagnation pressure in each flow is related to the
observed local conditions. The process of flow stagnation is governed by the one-dimensional
momentum equation in the flow direction x, this being (see Davis 1980), in terms of area-averaged
quantities,

dp du du
aﬂpcugﬁf +(1—c)pLuLd—xL=0. [24]

Introduction of the equations of state given in section 2 and integration then leads to the
following equation for the stagnation pressure p, in terms of the local pressure p and under the
limitations of the definition of an average velocity ratio S as discussed above:

Ps p\_D
i=ep| (2) =1+ <ooron (%) =3 5]
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We can then define stagnation pressure loss coefficients for the main and branch outlet
flows as
P _Ps
1A 4]
Ky=——" 26
12 D] [ ]
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K= . 27
13 Dl [ ]
2

The results thus obtained for this pressure loss coefficients are shown in figure 15, and once again
these are compared with the single-phase resuits of Miller (1978) and McNown (1954). It can be
seen that negative pressure loss coefficients are obtained for K|,, and that the two-phase results
here lie between the results of Miller and McNown who also observed negative values for X;,. The
result was attributed by McNown to the fact that the branch flow under single-phase conditions
draws on the outer region of the inlet flow, which has a lower than average kinetic energy due to
the distribution of velocity in the inlet flow. It appears that the same phenomenon occurs under
the two-phase conditions observed here. It is possible that the effect observed in single-phase flows
is compounded under two-phase conditions by the division of a higher proportion of the gas phase
with lower kinetic energy to the branch, allowing a higher proportion of liquid to remain in the
main outlet flow which thereby retains above the average kinetic energy of the inlet flow. It can
be seen from figure 15 that substantially higher pressure loss coefficients to the branch occur under
two-phase conditions, although there is a similar increase in the branch loss coefficient with
reducing side branch diameter to that observed by Miller and McNown for single-phase flow. Once
again this is attributable to the division of a relatively high proportion of the gas phase to the
branch under two-phase flow conditions. In general terms, it appears that the two-phase flow
exhibits a similar behaviour to the single-phase flow, but that this is modified by the proportionate
division of the two phases to the main and branch outlets.

5. CONCLUSIONS

If account is taken of the internal structure and compressibility of the gas-liquid mixture flow
in terms of the velocity ratio and the momentum and kinetic energy distribution coefficients, as
discussed, it is found that the two-phase flow at a branch junction behaves in a generally similar
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manner to single-phase flow. Values for the junction force and pressure loss coefficients have
broadly the same values as in single-phase fow, except that the unequal subdivision of phases to
main and branch flows rise to significantly smaller values of the transverse force coefficient and
to larger values of the branch pressure loss coefficient for the two-phase flow case. The
characteristic diversion of higher proportions of the gas phase to the side branch was found to
increase with inlet flow void fraction and also with increases in the overall proportion of flow drawn
off into the branch.

Observations of the flow structure near the junction showed the side branch flow to be stratified,
but that the flow in the branch was somewhat smoother than that in the main pipe in terms of
the magnitude of the unsteadiness of void fraction at points in the flow. The main outlet flow tended
to have a velocity maximum on the side where the branch was located, and also exhibited a strong
tendency to develop stronger unsteadiness of local void fraction with a Stronhal number of approx.
0.1, indicating the presence of intermittent pulsations of void fraction extending over a length of
approx. 10 pipe diameters. Fungtamasan & Davis (1984) also found similar pulsations to be present
in a straight vertical pipe under similar flow conditions, and it appears that the development of
these regular pulsations under some conditions of flow has been accentuated by the extraction of
flow at the junction. These pulsations of void fraction were found to propagate through the junction
at a velocity in excess of the mixture velocity.

The length required for re-establishment of steady pipe flow in the side branch was found to
increase with the Reynolds number of the branch flow, and to decrease with the average void
fraction in the branch flow.
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