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Abstract—Experimental data are presented for the mass flow rate and quality of two-phase (air-water)
discharge from a stratified region through two side branches (6.35 mm i.d.) with their parallel centrelines
located in a vertical plane. These data correspond to different values of the interface level between the
onset of gas entrainment at the upper branch to the onset of liquid entrainment at the lower branch for
test-section pressures of 316 and 517 kPa, test-section-to-separators pressure difference ranging from 40
to 235 kPa, branch separating distance to diameter ratio ranging from 1.5 to 8 and different hydraulic
resistances of the lines connecting the test section to the separators. Normalized plots are shown to be
capable of absorbing the effects of some independent variables within the tested range of operating
conditions. Empirical relations were developed for the prediction of the two-phase mass flow rate and
quality in terms of normalized parameters. These relations represent the data with a high degree of
correlation. Copyright © 1996 Elsevier Science Ltd.
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1. INTRODUCTION

Several industrial applications involve two-phase flow discharging from a stratified region through
single or multiple branches. Examples of these applications include: the flow through small breaks
in horizontal cooling channels of nuclear reactors during postulated loss-of-coolant accidents; the
flow distribution in CANDU header—feeder systems (multiple branches) during accident scenarios;
and two-phase distribution systems in general, where a certain incoming stream fed into a large
header or chamber is divided among a number of discharging streams, for instance in a
shell-and-tube heat exchanger. Knowledge of the flow phenomena involved, as well as the mass
flow rate and quality of all discharging streams is obviously essential for the design and/or
performance prediction of such systems.

For the case of a single discharge from a large flow channel under stratified flow conditions,
Zuber (1980) pointed out that the phenomena of gas and liquid entrainment will influence the flow
through the branch. He proposed simplified correlations for the onsets of these phenomena in terms
of relevant system parameters and branch orientation (top, bottom or side). Later, detailed
experiments were reported on the onsets of gas and liquid entrainment, two-phase mass flux and
quality during discharge from a large stratified region (with or without main flow) through a single
branch with different orientations (e.g. Smoglie & Reimann 1986; Schrock et al. 1986; Yonomoto
& Tasaka 1988, 1991; Micaelli & Mempontiel 1989; Hassan et al. 1994).

In situations where multiple discharge takes place simultaneously from several branches, the
existing single-branch correlations may not apply. Initial steps towards understanding these systems
were undertaken by Parrott ef al. (1991) and Armstrong et al. (1992) who investigated the onsets
of gas and liquid entrainment, respectively, during discharge from stratified two-phase regions
through two side branches. However, no information is available yet in the open literature for the
evaluation of the two-phase mass flow rate and quality during dual discharge.
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The objective of the present investigation is to conduct a basic experiment in order to measure
the two-phase discharge from a large stratified region through two side branches of the same
diameter d, separated by a vertical distance L centre-to-centre. This experiment is obviously a first
step towards understanding situations of multiple discharge from two-phase headers. The main
questions to be answered are: “What is the influence of discharge from one branch on the discharge
from the other branch?”, “How do these two discharges differ from the case of a single discharge?”,
and “What is the influence of the separating distance L?”

2. EXPERIMENTAL INVESTIGATION

2.1. Experimental parameters

Figure 1 shows the geometrical and flow parameters relevant to this experiment. Two branches
of equal diameter d and a vertical separating distance L (centre-to-centre) are placed on the side
of a large reservoir containing stratified layers of air and water at a pressure P,. The two
discharging streams are directed (via individual connecting lines) to their respective separators
maintained at the same pressure Ps. Thus, the experiment is conducted under the condition that
the pressure drop, AP = P, — Ps, is the same for both connecting lines. As well, the connecting
lines were designed to have the same hydraulic resistance, R, as defined later. Equal values of R
imply equal single-phase mass flow rates through the connecting lines for equal AP. Under these
conditions, the mass flow rate and quality of both discharging streams are expected to depend on
Py, AP, R, L/d, and the location of the air—water interface relative to the branches.

For fixed values of P,, AP, R and L/d, let us consider the dependence of the flow from both
branches on the location of the interface. A detailed description of the flow phenomena, including
interface shapes, is given in the appendix. At high interface levels above the upper branch, the
discharge from both branches will be in the form of single-phase liquid with essentially equal mass
flow rates, # s = my g, Where i is the liquid mass flow rate at the upper branch and m 5 is the
liquid mass flow rate at the lower branch. Lowering the interface level, a critical height is reached
where the onset or beginning of gas entrainment occurs at the upper branch with A, = hsgea and
Wi a = ML pcea, Where ha is the vertical distance between the flat interface and the centreline of the
upper branch (positive in the upward direction), fgge 4 1s the magnitude of A, at the onset of gas
entrainment at the upper branch and miscea is the magnitude of ry . at the onset of gas
entrainment at the upper branch. For A > hpgea, the three quantities #i s, #up and 1 geea are
essentially equal. The hydraulic resistance for both connecting lines is defined as

R = A/ AP/mL_BGE. [1]
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Figure 1. Relevant experimental parameters.
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A further lowering of the interface results in a two-phase discharge at the upper branch with a
mass flow rate nipa, while the single-phase liquid flow at the lower branch remains essentially
unchanged. The two-phase flow from the upper branch is split in its separator into liquid (r#1..4)
and gas (#1g) components, whereby

Mrea = MLa + Higa [2]
and the quality at the upper branch is given by
Xa = Wiga/Wirpa. [3]

As h, decreases, mipa decreases while x, increases.

Two other critical heights are next reached with further lowering of the interface: (i) the “‘onset”
of liquid entrainment at the upper branch corresponding to /a = Aprea, Xa = 1 and miga = Mopiea,
where hpiea is the magnitude of s, at the onset of liquid entrainment at the upper branch and
niceiea 1S the gas mass flow rate at the upper branch corresponding to the onset of liquid
entrainment at that branch (although on lowering the interface level, at this point the flow changes
from there being liquid entrained in the branch to there being no liquid entrained in the branch,
the term “‘onset” or ““beginning” is used, rather than “end”, in keeping with the existing literature);
and (ii) the onset of gas entrainment at the lower branch with hs = hpges and
MiLs = MiLsces = MLacea, Where hgp is the vertical distance between the flat interface and the
centreline of the lower branch (positive in the upward direction), Asces is the magnitude of 4z at
the onset of gas entrainment at the lower branch and m e is the magnitude of #1 5 at the onset
of gas entrainment at the lower branch. The order in which these two critical conditions are
encountered as the interface is lowered depends on the values of AP, R and L/d. For large values
of L/d and/or small values of AP and/or large values of R, the onset of liquid entrainment at the
upper branch precedes the onset of gas entrainment at the lower branch as the interface is lowered.
For such conditions, the two branches are expected to behave as two independent single branches
with limited (if any) interaction between them. On the other hand, for conditions of small L/d
and/or large AP and/or small R, the onset of liquid entrainment at the upper branch is encountered
at a lower interface level than that for the onset of gas entrainment at the lower branch. The
branches will then have mutual interaction and the flow (magnitude and quality) from both
branches is expected to deviate from the single-branch case.

Finally, the onset of liquid entrainment at the lower branch is encountered at a lower interface
level with hg = hpies, X = 1 and #Wigs = HicpLes, Where hpep 18 the magnitude of A at the onset
of liquid entrainment at the lower branch, xj is the quality at the lower branch, 5 is the gas
mass flow rate at the lower branch and rmigpep is the magnitude of migy at the onset of liquid
entrainment at the lower branch. For A < hgiep, the discharge from both branches will be in the
form of single-phase gas flow with flow rates miga = Wigs = WiceLEA = MG BLES-

The focus in this study will be on the two-phase region corresponding to hgie < /i < Apge for both
branches in order to investigate the behavior of #irp and x within this region. The experimental
data will be sought in a systematic fashion so that the influence of each independent parameter
can be assessed individually.

2.2. Experimental test facility

The flow loop is shown schematically in figure 2. An immersion-type circulating pump was used
to supply distilled water to the test section at a rate adjusted by a by-pass line. The temperature
of the water was held steady (near room temperature) by a cooling coil. The test section was
connected to an air supply equipped with a feed-back pressure controller which maintained the
test-section pressure, P,, steady at a preset value.

The test section is basically a large reservoir manufactured from type 304 stainless-steel sections,
except for a clear acrylic pipe section near the outlet flange for visual observation of the flow
phenomena. The construction details of the test section were reported by Parrott ez al. (1991). The
first part of any branch was a hole, 6.35 mm in diameter and 127 mm long, machined in a brass
block and bolted to the stainless-steel outlet flange. Thus, each branch had a straight length of 20
diameters before any bends or area changes were incorporated; downstream of this, the
components in each line were the same so that the geometries of the two branches from the reservoir
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Figure 2. Schematic diagram of the experimental test facility.

to the separators were the same. Different brass blocks were machined to provide L/d = 1.5, 2,
3 and 8. A surveying transit was used to ensure that the faces of the flange and the block were
vertical and that the centrelines of the branches fell on a straight vertical line. Two pressure taps,
one on the air side and the other on the water side, were installed on the outlet flange and connected
to a differential pressure transducer in order to measure the liquid height in the test section.

The two-phase flows leaving the test section through the two branches were directed to their
respective separators where the air and water were split by centrifugal action. A pressure tap was
installed on the air side of each separator and connected to a differential pressure transducer. The
reading of this transducer was monitored continuously and adjustments to outlet flow rates were
made (if necessary) in order to ensure that the pressure difference between the two separators was
at or near zero. The flow rates of air and water leaving each separator were measured by a bank
of four variable-area-type flow meters with overlapping ranges. Each of these flow-measuring
stations covered the range of 15 cm®/min-0.0415 m3/min on the water side and 198 cm?/min—1.3 m®/
min at standard conditions on the air side.

The temperature and pressure within the test section and separators, as well as other locations
within the loop were recorded during the experiment. All flow meters, thermocouples, and pressure
gauges were calibrated before testing began.

2.3. Experimental procedure

A total of 32 data sets were collected in this investigation, each corresponding to a certain
combination of Py, AP, R and L/d. Each data set contains 2030 different locations of the interface
between hpgea and hg e s with measurements of the flow rate from each branch performed at each
interfacial location.

Before starting the experiments with a new value of L/d, the hydraulic resistances of the two
connecting lines were set essentially equal. Generally the control of R in terms of a major change
(e.g. 3000 to 1670 to 1000 (kg-m)~'?) was by the insertion of a cylindrical plug with a central hole,
the diameter of which depended on the desired R. The plugs in each line were nominally of the
same internal diameter; however, to achieve single-phase liquid flow rates in each branch with the
required tolerance (within 3% of each other), the internal diameter of one of the two plugs was
slightly enlarged. The corresponding deviations in the single-phase gas flow rates from the two
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branches were 3% or less for 29 of the data sets and 4.3% for the remaining three sets. After
adjusting R for a given L/d, appropriate values of P, and AP were fixed and the following procedure
was followed in collecting the data for the set:

(1) The conditions at the onset of gas entrainment at the upper branch (Ascea and iz pcea) Were
established first. The air—water interface location (height) was set at a high value and was
reduced in small steps, at which the liquid flow rate was measured under steady conditions.
As the onset was approached, the liquid level was slowly lowered further until gas was
suddenly entrained at the branch; this onset was observed visually through the transparent
part of the test section. The steady-state flow rate just before the onset gave n1,.scea and the
reading of the pressure transducer immediately following the onset gave hagea.

(2) Knowing that the magnitudes of Ascea and hges are roughly equal, the vertical distance
between these two locations was divided into a number (in the range of 20-30) of equal
intervals. The experiment was then conducted at decreasing values of 4. At each 4, the liquid
level was held constant for a sufficient period of time that allowed the flow into each
separator to be measured accurately.

(3) Three other onsets were encountered with decreasing /; these were the onsets of liquid
entrainment at the upper branch, and gas and liquid entrainment at the lower branch. All
these onsets were detected visually. As each one of these onsets was approached, the liquid
level was lowered in fine increments so that the corresponding 4 and m were accurately
determined. With the water level just slightly above that for the condition of the onset of
liquid entrainment at either branch, a stream of water was seen to be pulled up from the
interface through the branch. Decreasing the level caused this stream to become thinner until
it suddenly disappeared at the “onset”.

2.4. Experimental uncertainty

An estimate of the uncertainties in the independent and dependent variables was made in the
fashion described by Moffat (1988) and Kline & McClintock (1953). All uncertainties quoted here
are at “odds” of 20 to 1. The uncertainties are meant to accommodate: the accuracy of the
calibrating device, the error in fitting an equation (for computer data reduction) to the calibration
data, discrimination uncertainties in the measuring instruments and unsteadiness in the process.
Pressure gauges were calibrated using a deadweight tester, thermocouples using a standard
mercury-in-glass thermometer, gas rotameters using wet test meters and venturi meters (in turn the
calibrations of which were traceable to NIST standards) and liquid rotameters using a
weigh-and-time method. The pressure transmitter used for measuring 4 was calibrated against a
micromanometer and the digital voltmeter used in the calibration was subsequently used in the
normal running of the experiments; for both calibration and subsequent experiments the sensitivity
was approximately 35 mV per mm of water; the discrimination on the digital voltmeter was
+ 1 mV.

The results of the uncertainty analysis follow. The uncertainty in P, (absolute pressure) was
+0.9%; the uncertainty in AP for data set nos. 3, 13, 23 and 29 (AP = 40 kPa, the smallest AP)
was approximately +7.9%, while for the other data sets (higher AP) it was +3.9% or less. The
maximum uncertainty in the flow rates g, 1. and mire was +4.0, 2.5 and 4.7%, respectively. The
uncertainty in temperature measurement was +0.25°C. The maximum uncertainty in the quality
x was +4.7%. The maximum uncertainty in R was +4.7%. The absolute uncertainty in 4 was
+0.14 mm; for the cases where there was interaction between the two branches (combinations of
small L/d and/or large AP and/or small R), because of unsteadiness of the interface there was more
uncertainty in determining Agga and hsges (both +0.38 mm) than in Ages and hscea (both
+0.23 mm); for the case of no interaction between the two branches, the uncertainty in the four
onsets was the same (+0.23 mm). The uncertainty in h amounted to approximately +0.7% of
(hBGE - hBLE)~

For the dimensionless quantity H (defined later and having a range of 0-1), the uncertainty 6 H
was a maximum of +0.02. At the upper branch and in the range 0.2 < H < 1, dH/H decreased
from a value of +8% or less at H = 0.2 to +1.5% at H = 1; the uncertainty in 6 H/H increased
with decreasing H and at the smallest finite H (=0.1) was +13.5% or less. At the lower branch
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and in the range 0.2 < H < 1, H/H decreased from a value of 1-5.5% orlessat H = 0.2to +2.0%
orlessat H = 1;at H = 0.1, 6H/H was + 13% or less, and increased to larger values as H decreased
further.

For the dimensionless quantity M (defined later and having a range of 0-1), M varied between
+0.003 and +0.038, smaller values being associated with small M and larger values being
associated with large M. At the upper branch (the numbers which follow in brackets are for the
lower branch) and in the range 0.1 < M < 1, the maximum uncertainty in éM/M was +5.5%
(+5%); the uncertainty in 6 M /M increased with decreasing M, was + 10% or less (+8% or less)
at M = 0.05 and increased to large values as M approached zero.

3. RESULTS AND DISCUSSION

The operating conditions for the 32 data sets generated in this investigation are listed in table
1. For L/d = 1.5, set nos 1-3 and set nos 6-8 explore the effect of AP at fixed P, and R. The
influence of R at fixed P, and AP can be examined from set nos 1, 4 and 5, or set nos 6, 9 and
10. A similar test matrix was followed for L/d = 2. However, for L/d = 3 and 8, it was decided
not to include the influence of R at fixed P, and AP because sufficient information on this effect
had been gained from the results of L/d = 1.5 and 2. Values of Py, AP and R used in this
investigation are practically identical to those used by Hassan et al. (1994) for the case of
single-branch discharge; therefore, influences of the discharge at the second branch can be clearly
isolated.

In order to determine whether choking conditions occurred in the present experiments, the data
for me for the single-discharge case (Hassan ez al., 1994), using the same combinations of Py, AP
and R as reported here, were compared with predicted critical flow rates as obtained from two

Table 1. Nominal operating conditions

Py AP R
Set No. Lid (kPa) (kPa) (kg-m)~*?
1 1.5 316 123 1000
2 82
3 40
4 123 1670
5 3000
6 517 235 1000
7 166
8 97
9 236 1670
10 3000
11 2.0 316 123 1000
12 82
13 40
14 123 1670
15 3000
16 517 235 1000
17 166
18 97
19 236 1670
20 3000
21 3.0 316 123 1000
22 82
23 40
24 517 235
25 166
26 97
27 8.0 316 123 1000
28 82
29 40
30 517 235
31 166
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models. The models were the “homogeneous frozen flow model” (Whalley 1987) and that by Henry
& Fauske (1971). For fixed P,, AP and R, the value at a given x, of the ratio of the actual rip
to the predicted critical mass flow rate at any x never exceeded 0.8. An experimental check was
conducted for the limiting case of single-phase air flow by increasing AP beyond the maximum
value otherwise used in the experiments and no choking occurred. It is reasonable to conclude that
choking did not occur with the single-discharge case, and we extend this conclusion to the
dual-discharge case.

3.1. Onsets of gas and liquid entrainment

The critical heights at the onsets of gas and liquid entrainment were measured for both branches
in each of the 32 data sets. A sample of these results is shown in figure 3 (gas entrainment) and
figure 4 (liquid entrainment). Data for L/d = 1.5 and 8 are shown in both figures; the trend for
intermediate values of L/d is monotonic. The predicted values of hApcea from the empirical
correlation of Parrott e¢ al. (1991) are shown in figure 3 and the predicted values of /g ep from
the theoretical analysis of Armstrong et a/. (1992) are shown in figure 4. The results in figures 3
and 4 are presented in terms of Froude number at the onset of gas entrainment, Frage, and Froude
number at the onset of liquid entrainment, Fryg, respectively. These dimensionless groups are
defined by

Frece = (4/n)Msce//84pL(pL — pa) [4]

and

Frace = (4/n)c e/ /g2dpc(pL — po), [5]

where g, p. and pg are the gravitational acceleration, the liquid density and the gas density,
respectively.

Figure 3 shows that sscea and hsces are nearly identical for L/d = 8, which suggests very little
interaction between the branches at this separating distance. The interaction between the branches
intensifies as L/d decreases and as a consequence, Agge.a increases while hsce s decreases. This trend
is consistent with the observation that just before the onset of gas entrainment at the upper branch,
both branches are fully submerged in liquid and the lower branch would thus assist the upper
branch in entraining gas from higher interface locations, while on the other hand, just before the
onset of gas entrainment at the lower branch, only the lower branch is fully submerged in liquid
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and thus the upper branch competes with (rather than assists) the lower branch for gas flow. The
deviation between hagea and hsgep increases monotonically up to the values shown in figure 3 for
L/d = 1.5. The correlation of Parrott e al. (1991) is in excellent agreement with the present data
of hpgea for L/d = 1.5 and 8.

Figure 4 also shows that the interaction between the branches is small at L/d = 8 with nearly
identical values of hg s and hgep. The deviation between these two critical heights increases
continuously as L/d decreases. The trend in this case is for |hg e 4| to decrease and |hp e | to increase
as L/d decreases. This trend is consistent with the observation that just after the onset of liquid
entrainment at the lower branch, both branches are receiving pure gas flow and the upper branch
would thus assist the lower branch in entraining liquid from lower interface locations. On the other
hand, just after the onset of liquid entrainment at the upper branch, only the upper branch is
receiving pure gas flow and thus the lower branch competes with the upper branch for liquid flow.
The theoretical predictions of Armstrong et al. (1992) are in good agreement with the present data
of hBLE‘B for L/d= 1.5 and 8.

Empirical correlations were developed for the critical heights at all four onsets based on the
present data. These correlations, obtained by least-square fitting, are given by the following
relations:

hacea/d = 0.57[A, Frece]™, i6l
heoes/d = 0.5TFrige, 71
|AsLeal/d = 0.8TF 13, (8]
and

|hpies|/d = 0.87[AsFrace], 9

where,
A, =1 + exp[ — 1.96(L/d)"?/Fri], [10]
A; = 0.4 — 0.223 exp[ — 0.415(L/d)"*/Fryd], [11}
A; = 0.31 — 0.13 exp[ — 0.209(L/d)"*/Fr% [12)

|h g gl/d

Freie
Figure 4. The onset of liquid entrainment.
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Figure 5. Gas mass flow rate for data set no. 6.

and
Ay =1+ exp[ — 2.27(L/d)"*/Fri]. [13]

The above relations converge to the correct limits at the two extremes of L/d. For L/d = oo, we
get Ai=As=1, A;,=04 and A4;=0.31, and [6]-[9] converge to the single-branch relations
reported by Hassan (1995). For L/d =0, we get 4, = A, =2, and [6] and [9] reduce to the
single-branch relations with twice the values of Froude number; i.e. a single branch with twice the
suction.

The predictive relations given by [6]-[13] are in excellent agreement with the present data. The
root-mean-square values of the deviation between the present data and [6]-[9] are 1.9, 4.4, 3.8 and

2.9%, respectively.

3.2. Mass flow rate and quality

In order to explain the trends from the current results, the presentation is made first in terms
of dimensional quantities. Measured values of #1g, 1., mirp and x for data set no. 6 are presented
in figures 5-8, respectively. For the dual-discharge case, the A of the abscissa on these figures is
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Figure 6. Liquid mass flow rate for data set no. 6.
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Figure 7. Two-phase mass flow rate for data set no. 6.

ha for the upper branch and 4, for the lower branch. This data set corresponds to the highest P,
and AP and lowest R, a combination that results in the highest gas and liquid flow rates. In
addition, this set corresponds to the smallest L/d; therefore, the effects due to dual discharge seen
in figures 5-8 are the most pronounced in this study. Results from Hassan et al. (1994) for single
discharge at the same Py, AP and R are shown for comparison. Figure 5 shows an increase in air
flow rate at the upper branch and a decrease at the lower branch relative to the single-branch case.
Figure 6 shows that my follows an opposite trend to that of ni;. These opposite trends are in fact
consistent and can be explained by observing that all the data in figures 5 and 6 correspond to
the same AP and thus, an increase in #ig at one branch would require a decrease in m1. at the same
branch. The results in figures 7 and 8 follow easily from those in figures 5 and 6. It is clear from
figures 5-8 that the results for dual discharge cannot be predicted from those of single discharge
and thus the need for the present data is justified.

The trends shown in figures 5-8 for data set no. 6 are typical of all data sets. The magnitude
of the deviation between the results at the upper and lower branches was found to decrease with
an increase in L/d or R, or a decrease in AP. For data set nos 27-32 corresponding to L/d = 8,
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Figure 8. Discharge quality for data set no. 6.
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0.001

insignificant differences between upper, lower and single branch results were obtained for all values
of Py, AP and R tested in this study.

An attempt was made to plot the data in a normalized fashion so that the influences of some
independent variables may be absorbed. This was done using the following definitions (first
introduced by Hassan et al., 1994) for the normalized liquid level and the normalized mass flow
rate, respectively:

H; = (hi — hpiei)/(hsce: — hprei), i=Aor B [14]
and
M, = (e — Mg pre: )/ (MLpce: — MoeLei), §i= A or B. [15]

The discharge quality at the upper branch for set nos 6-10 is shown in figure 9 and the normalized
two-phase flow rate from the lower branch for set nos 1-5 is shown in figure 10. These results show
that the influences of AP and R can be absorbed (within the tested range) by plotting x vs H and
M vs H. However, the collapsed data in both figures deviate from the single-branch results.

1
i
I
01 F
F Single branch
Mg [
O Data set no. 1
0.01 F o Datasetno.2
; @ Datasetno.3
x Datasetno.4 ]
A Datasetno. 5
0.001 L L 1 1
0 0.2 0.4 0.6 0.8 1
Hg

Figure 10. Values of Mp for data set nos 1-5.
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Figure 11. Discharge quality for data set no. 1.

It must be pointed out that for any value of L/d, the results for x and M at both branches should
approach the single-branch results at sufficiently low values of AP or high values of R. As pointed
out earlier in section 2.1, the two branches will behave essentially as two independent single
branches if the onset of liquid entrainment at the upper branch corresponds to a higher interface
level than that for the onset of gas entrainment at the lower branch. However, for the results in
figures 9 and 10 (L/d = 1.5), this would require a very low AP of approximately 0.1 kPa at
P, = 517 kPa and R = 1000 (kg-m)~"2. All the results in data set nos 1-26 correspond to sufficiently
high values of AP for which the interface level at the onset of liquid entrainment at the upper branch
is lower than the interface level at the onset of gas entrainment at the lower branch. Thus, these
data sets correspond to the condition where there is mutual interaction between the upper and
lower branches. The trends in figures 9 and 10 showing the collapse of data for various AP and
R are typical of all data in set nos 1-26.

An effect that could not be absorbed by these normalized plots is that of L/d. Figures 11 and
12 show normalized plots of discharge quality and mass flow rate, respectively, for data set no. 1
corresponding to L/d = 1.5. Very significant differences can be seen between the results for the
upper branch and those for the lower branch. The upper-branch results converge to those of a single
branch at high H and the lower-branch results converge to those of a single branch at low H. The
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i @ @t |
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0.1 F EAAQ © -
F o}
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5 GA o O Upper branch
| A @ Lower branch
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0 0.2 0.4 0.6 0.8 1

Figure 12. Normalized two-phase discharge for data set no. 1.
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Figure 13. Discharge quality for data set no. 30.

difference between upper and lower branch results was found to decrease as L/d was increased while
maintaining the same Py, AP and R.

Figures 13 and 14 show that the results for both branches in data set no. 30 (L/d = 8) collapse
on top of the single-branch data. This behaviour is typical of all data in set nos 27-32. All these
data correspond to the condition where the onset of liquid entrainment at the upper branch occurs
at a considerably higher interface level than that for the onset of gas entrainment at the lower
branch and the two branches function as independent single branches.

It is understood that many industrial applications are considerably more complex than the
experiment reported here, both in terms of the number of discharges and the interface being
disturbed, as opposed to smooth. As mentioned earlier, the present experiment is meant to be a
stepping stone, in terms of understanding the phenomena, toward the more complex cases as there
was so little information on these cases. In the present case, with steady conditions and a smooth
interface, accurate measurements are possible and qualitatively at least, some of the phenomena
are expected to be the same as for the more complex cases. As regards the case of a disturbed
interface, it is expected that at least in the present geometry, the behaviour of the mass flow rates
of each phase with interface location, as described in the appendix, would be qualitatively the same
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Figure 14. Normalized two-phase discharge for data set no. 30.
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Figure 15. Predicted vs measured values of xa.

as for a smooth interface; further experiments would be necessary to determine the quantitative
behaviour.

3.3. Data correlation

An attempt was made to develop empirical relations for the prediction of x and M at both
branches resulting in the following relations:

xa = 0.2exp[6HA(l — BiHA)/(1 — Hi)] + 0.8(1 — H2)(B.E)", [16]
xp = 0.2 exp[6Hs(1 — C1Hp)/(1 — Hy)] + 0.8(1 — H3)(C,E)™, [17]
M, = H}* 80~ ilexpl ~ 1.84HA(1 — H3)""] (18]

and
My = Hj exp| — 1.84H3(1 — H})“], (19]

where,

B, = 11.67 — 9.67 exp[ — 0.01(L/d)’], [20]
B; =1+ 0.92 exp[ — 0.75(L/d)), 21
B; = 6.68 exp[ — 0.027(L/d)*], [22]
Ci = 11.67 — 3.03 exp[ — 0.016(L/d)’], [23]
C:=1—0.71 exp[ — 0.03(L/d)"], [24]
C; = 1.318 + 5.78 exp[ — 0.37(L/d)’] [25]

and
E= —0.0122 + 0.42/[1 + /p/pa)- [26]

At the limit L/d = oo, the above relations converge to B, = C, = 11.67, B,=C,= 1, B, = 0 and
Cy = 1.318 and, consequently, [16}-{19] converge to the single-branch relations for x and M
reported by Hassan (1995). Within the range 1.5 < L/d < 8, the above empirical relations are in
good agreement with the present data, as exemplified in figures 15 and 16. Quantitatively, the
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Figure 16. Predicted vs measured values of Ms.

discharge quality at the upper branch is predicted with a root-mean-square error of 16.7% over
the range 0.001 < xo <1, the discharge quality at the lower branch is predicted with a
root-mean-square error of 18.1% over the range 0.001 < x3 € 1, the normalized two-phase
discharge at the upper branch is predicted with a root-mean-square error of 23.3% over the range
0.01 < M, <1 and the normalized two-phase discharge at the lower branch is predicted with a
root-mean-square error of 11.3% over the range 0.01 < M3 < 1. All errors were found to decrease
considerably when the segment of data corresponding to the smallest values of x and M was not
considered.

4. CONCLUDING REMARKS

Experimental data are reported on the onsets of gas and liquid entrainment, mass flow rate and
quality during two-phase discharge from a large reservoir through two small (d = 6.235 mm) side
branches one above the other under stratified conditions. The experiments were conducted under
the condition that the two discharges correspond to the same AP and the two lines connecting
the test section to the separators have the same R. Thirty-two data sets were collected covering
the ranges of 316 < P, < S517kPa, 40 < AP <235kPa, 1000 < R< 3000 (kg-m)~'? and
1.5 < L/d < 8. The independent variables were varied in a systematic fashion in order to facilitate
the study of the influence of each variable separately.

The present results indicate that #1rp and x for dual discharge can deviate significantly from the
corresponding values for single discharge. This deviation increases with an increase in AP and/or
a decrease in R or L/d. Influences of AP and R are shown to be largely absorbed (within the present
test range) when normalized parameters are used in presenting the data. However, L/d remains
as a parameter in these normalized plots. Within the present test range, deviations between dual
discharge and single discharge are noted for L/d = 1.5, 2 and 3, while for L/d = 8, the results for
dual discharge collapse on those of single disharge.

Empirical relations were developed for the prediction of the onsets of gas and liquid entrainment,
the two-phase mass flow rate and quality at both branches using normalized parameters. These
relations represent the data with a high degree of correlation; being empirical, however, the
relations should be used only within the range of conditions under which the data were gathered.
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APPENDIX

Flow Phenomena

This appendix describes the flow phenomena encountered in this experiment, and is meant to
be self-contained. The flow phenomena are described in terms of the mass flow rate of each phase
and the appearance of the interface, these as a function of ~*, where A* is the distance of the flat
part of the interface above some datum located arbitrarily well below the lower branch; this
definition of A* is shown in figure Al(c). The terms “simple case” and ‘“‘complex case” are used
and mean those situations where Afiea > hices and Afiea < hdces, respectively, where hfiga and
h¥ses are the values of A* at the beginning of liquid entrainment at the upper branch and the
beginning of gas entrainment at the lower branch, respectively. The interface shape is sketched
approximately to scale for L/d = 8 (simple case) and L/d = 2 (complex case), both with large AP
and small R.

The simple case (h¥ea > hifses)

h* = hicea (see region 1 in figure A2). Let us begin with an interface level well above the upper
branch. Both branches will be flowing liquid only, the flow rates of which will be essentially the
same, 1.e. Mo = M p as shown in figure A2 and the interface will be flat as shown in figure Al(a).
As h* is lowered and approaches Afzea a “dimple” begins to form in the interface (figure Al(b)).
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Figure A2. Qualitative mass flow rates for the simple case (hfiea > hices).

This depression becomes more pronounced (figure A1(c)) and cone-like until the bottom of the cone
suddenly extends to the upper branch; this is the beginning of gas entrainment at the upper branch
BGE,A (figure A1(d)); the corresponding #* is hfs: 4 and the flow rates are mi 4 = ¥ s = HiLscea.
In figure A.1, sketches marked ‘“‘side elevation™ are taken along a vertical plane through the
centrelines of the two branches.
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Figure A3. Qualitative mass flow rates for the complex case (hsiea < hices).



1142 1. G. HASSAN et al.

hicea > h* = hilea (see region 2 in figure A.2). In this range the lower branch continues to flow
only liquid at the rate mi s = i pcea At the upper branch s, decreases and #ig 4 increases as h*
decreases. The interface shape is shown through figure Al(e) and (f) until at (g) liquid is no longer
entrained at the upper branch, i.e. ni 4 = 0 and #* = h¥ . while the corresponding gas flow rate
at the upper branch is #igaLea.

hiiea > h* 2 hifces (see region 3 in figure A2). As h* is reduced below h#iz 4, the upper branch
flows only gas at the rate of miga = Migaiea. The lower branch continues to flow only liquid at the
rate of mp = M pcea. With decreasing h*, the interface is depicted in figure Al(h) and (i). In (i)
a dimple in the interface has begun to form, becomes more pronounced and cone-like and finally
the tip of the cone extends to the lower branch, as depicted in figure A.1(j). This is the beginning
of gas entrainment at the lower branch; the h* is hfze s and the various flow rates are #iga = Mgiea,
Hia =0, rgp = 0 (onset) and myp = Msces (= FMLacea)-

hises > h* = hiies (see region 4 in figure A2). In this range, the interface shape would be as
depicted in figure Al(e), (f) and (g), excepting, of course, at the lower branch. The “onset” or
“beginning” of liquid entrainment is at A#ep at which the various flow rates are miga = Mgaiea,
mia = 0, Mge = MgeLes (=MapLea), His = 0 (onset).

h* < hifies (see region 5 in figure A2). In this range, the interface shape would be as depicted
in figure A.1(k);, when A* is sufficiently small the interface is flat. The flow rates in this region are
MGa = Wige = MepLea = Mapies and i s =y = 0.

The complex case (h¥ea < hies)

h* = hisea (see region 1 in figure A3). The description is the same as for the simple case, including
references to the sketches (except for the distance between the branches and h¥ge 4 being larger in
the present case).

hicea > h* = hisen (See region 2 in figure A3). In this range the iower branch continues to flow
only liquid at the rate mi s = Wi pcea While at the upper branch #1 4 decreases (from a value of
mypcea) and miga increases as £* decreases. The interface shape is shown in figure A1(1), (m) and
(n) with a cone being formed at the lower values of 4* until at (o) the tip of the cone extends to
the lower branch when h* = h¥es.

foen > N* = hiipa (see region 3 of figure A3). In this region both branches are flowing a
two-phase mixture. As A2* is lowered, the liquid flow rate n 4 and gas flow rate wiga at the upper
branch continue to decrease and increase, respectively. Similarly, for the lower branch n
decreases while mip increases. Liquid is fed to the upper branch in two streams from the sides of
the branch. A “trough™ of gas feeds gas to the lower branch. The interface shapes are sketched
in figure Al(p) and (q). The streams feeding liquid to the upper branch become thinner as A* is
decreased until the flow of liquid into the upper branch ceases (m . = 0); this is at Afiea and the
interface is sketched in figure Al(r); at this point miga = MigpLea, the maximum #iga.

h¥iea > h* = hifics (see region 4 in figure A3). Here the upper branch is flowing gas only at
Ma = Mgerea While the lower branch is flowing a two-phase mixture. The interface shapes are
shown in figure A1(s)—(v) as 4* is decreased. The liquid being sucked up the wall as in (v) diminishes
to zero as h* is decreased to A¥ies; this is shown in figure Al(w) at which point #n s = 0 and
Mep = Mgaes (=Hioaea), the maximum gas flow rate in the lower branch.

h* < hifies (see region 5 in figure A3). Here both branches are flowing gas only and the various
flow rates are: miLa=rms=0 and #iga = Wigs = Marea = Wpen. The interface shapes are
essentially as shown in figure Al(k).



