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Abstract

The phenomena of the onsets of liquid entrainment and gas entrainment were investigated experimentally for the case of a flat plane
with a circular outlet branch of diameter d (=6.35 mm) at the plane centre. This flat plane was situated in a large tank containing a strat-
ified mixture of air and water under pressure (317 kPa for most experiments and 520 kPa for a few experiments) and at room temper-
ature. The plane was inclined through various angles (h) in increments of 30�, from the outlet branch orientation being vertically upward
through the horizontal to vertically downward. For both onsets the vertical distance between the centre of the outlet branch and the
undisturbed gas–liquid interface (h) was measured for various angles of inclination and Froude numbers. Both onsets were observed
visually through a large viewing part of the test section. It was found that for both onsets there is a range of inclination angles where
the onset h depended on h and a range where the onset h essentially did not depend on h. The data were correlated in terms of onset h/d,
Froude number, and h where there was dependence of onset h on the angle of inclination.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The development of empirical correlations and theoret-
ical models for the accurate prediction of the mass flow rate
and quality during two-phase discharge through small
branches mounted on walls and large pipes has received
considerable attention in the literature due to the relevance
of this topic to many industrial applications. Examples of
these applications include the flow through small breaks
in the horizontal cooling channels of nuclear reactors dur-
ing postulated loss-of-coolant accidents; the flow distribu-
tion in the CANDU (Canadian Deuterium and Uranium
reactors) header-feeder system during accident scenarios;
and two-phase distribution systems in general, where a cer-
tain incoming two-phase stream fed into a large header or
chamber is divided among a number of discharging
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streams, as for instance, in a shell-and-tube heat exchanger.
Knowledge of the pertinent flow phenomena, as well as the
mass flow rate and quality of all discharging streams is
important for the design and performance prediction of
such systems.

Zuber (1980) considered the case of a single discharge
from a large pipe containing a stratified two-phase mixture
through a small branch mounted on the pipe wall. He
pointed out that two distinct phenomena may occur,
depending on the location of the gas–liquid interface rela-
tive to the branch inlet. If the interface is located above
the branch inlet, gas can be entrained (by vortex or vor-
tex-free motion) into the predominantly liquid flow
through the branch. On the other hand, if the interface is
located below the branch inlet, liquid may be entrained
into the predominantly gas flow. Zuber proposed simplified
correlations for the onsets of these phenomena in terms of
flow and system parameters for three branch locations on
the pipe’s circumference, namely top, bottom and side.
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Fig. 1. Schematic showing independent parameters.
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Later, detailed experiments were reported on the onsets of
gas and liquid entrainment from a large stratified region
through a single branch (e.g., Smoglie and Reimann,
1986; Schrock et al., 1986; Yonomoto and Tasaka, 1988,
1991; Micaelli and Memponteil, 1989; Reimann and Khan,
1984; Hassan et al., 1998; Welter et al., 2004). These inves-
tigations considered one or more of the following branch
orientations: horizontal, vertical-up, and vertical-down.

In a recent publication, Lee et al. (2007) investigated the
onsets of gas and liquid entrainment in a single inclined
branch attached to a horizontal header. The experiment
was conducted with two branch diameters of 16.0 and
24.8 mm and one header of 184-mm inner diameter. Data
for the onset of liquid entrainment (OLE) were obtained
for upward inclination angles of the branch of 0�, 30�,
45�, 60�, and 90� (measured from the horizontal), while
for the onset of gas entrainment (OGE), the data corre-
sponded to downward inclination angles of the branch of
0�, 30�, 45�, 60�, and 90� (measured from the horizontal).
A comparison between the results of Lee et al. and the pres-
ent results is given later in this paper.

To the best of the authors’ knowledge, the experimental
data of Lee et al. (2007) is the only set currently available
on the OLE and OGE through inclined branches mounted
on a circular wall. Keeping in mind that small breaks may
occur at any location around the circumference of a pipe or
a flat retaining wall of a header, we note the need for more
data on the conditions for OLE and OGE through
branches mounted on inclined walls. In the present investi-
gation, the phenomena of OLE and OGE will be consid-
ered for branches mounted on a flat wall with upward
and downward inclination angles of the wall for both
onsets and cover the range of inclinations from vertical
upward to vertical downward branches. New flow phenom-
ena and trends that were not noted by previous authors
were observed in the present study. The objectives of this
investigation were to generate experimental data on the
conditions for the onsets, to examine the pertinent flow
phenomena, and to correlate the experimental data.

2. Experimental investigation

2.1. Experimental parameters

The independent parameters that are relevant to this
experimental investigation are shown schematically in
Fig. 1(a) and (b). A discharge branch of diameter d is
mounted on a wall in contact with a stratified gas–liquid
mixture at stagnation pressure and temperature Po and
To, respectively. The wall is inclined an angle h from the
vertical direction. The angle h is considered positive if the
wall is inclined away from the interface as viewed from
the gas side (Fig. 1a) and negative if the wall is inclined
towards the interface as viewed from the gas side (Fig.
1b). The point of intersection between the plane of the wall
and the centreline of the branch is used as a reference point
for measuring the vertical distance to the gas–liquid inter-
face, which is designated as h. The value of h is positive
when the interface is above the reference point and negative
when the interface is below the reference point. Discharg-
ing flow through the branch is directed (via a connecting
line) to a separator where the pressure is maintained at
Ps. The mass flow rate through the branch is controlled
by the pressure difference DP, where DP = Po � Ps.

For the condition of fixed Po, To, and DP, let us consider
the dependence of the flow discharge on h. At high positive
values of h, the flow discharge will be in the form of single-
phase liquid and the flow rate, _mL, would be essentially
independent of h for the large values of DP considered in
this experiment. On decreasing h, a critical value is reached
where gas begins being entrained in the liquid flow. This
condition is called the OGE at which h = hOGE and
_mL ¼ _mL;OGE. A further decrease in h results in a two-phase
discharge with an expected decrease in the total mass flow
rate through the branch. On the other hand, starting from
a high negative value of h, single-phase gas flows through
the branch at a rate of _mG. On decreasing jhj, i.e., on raising
the interface, a critical condition is reached where liquid
begins being entrained in the gas flow (OLE) and thus,
h = hOLE, and _mG ¼ _mG;OLE.

It is useful to cast the experimental data in terms of
dimensionless quantities in order to facilitate the correla-
tion. The dimensionless groups that are important to this
investigation are the critical interface heights normalized
with respect to the branch diameter, hOGE/d and jhOLEj/d,
and the ratio of inertia forces to gravity forces in the flow
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which is expressed by the Froude number, Fr. For the cases
of OLE and OGE, the relevant Froude numbers FrG and
FrL, respectively, were defined as

FrG �
ð4=pÞ _mG;OLEffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gd5qGðqL � qGÞ
q ; ð1Þ

and

FrL �
ð4=pÞ _mL;OGEffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gd5qLðqL � qGÞ

q ;

where g is the gravitational acceleration, qG and qL are the
gas and liquid densities, respectively. Developing the func-
tional relationships, hOGE/d = f1(FrL,h) and jhOLEj/
d = f2(FrG,h), was one of the main objectives of the present
study.
2.2. Experimental apparatus

A schematic diagram of the essential components of the
flow apparatus is shown in Fig. 2. An immersion-type cir-
culating pump was used to supply distilled water (the liquid
phase) to the test section. The rate of water supply was con-
trolled by two needle valves, one of which allowed water to
by-pass back to the water reservoir and pump system.
Another small needle valve was also installed to operate
in parallel with the main valve controlling flow into the test
section for very fine control of the supply water. The dis-
tilled water entered the bottom region of the test section
through a disperser connected to the bottom flange. This
disperser was basically a vertical copper tube (25.4 mm in
diameter) closed at the top with 12 holes (12.7 mm in diam-
Fig. 2. Schematic
eter) distributed over its lateral surface. Thus, the inflow of
water was dispersed into 12 horizontal streams to prevent
swelling of the gas–liquid interface. The attainment of a
smooth interface was essential for an accurate measure-
ment of the liquid height in the test section. The tempera-
ture of the water was held steady during the experiment
by a cooling coil immersed in the water reservoir, as shown
in Fig. 2. The test section was connected to an air supply
equipped with a feed-back pressure controller which main-
tained a steady pressure Po in the test section throughout
the experiment. The test-section pressure, Po, was moni-
tored by a calibrated pressure gauge. The air flow that
entered near the top of the tee-section was also dispersed
to maintain a stable, smooth interface.

Details of the geometrical design of the test section were
reported by Parrott et al. (1991). Basically, the test section
was 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 outer diameter of this clear acrylic pipe (305 mm) was
large enough to prevent visual distortion and its exposed
length was 270 mm. Two thermocouples were installed in
the test section to sense the temperature of the water and
of the air; these thermocouples were mounted in the dis-
charge flange next to the clear acrylic pipe section. All
experiments in this investigation were performed at, or
near, room-temperature conditions.

The discharge branch was a hole with a diameter
d = 6.35 mm, machined in a brass block. The brass block,
shown in Fig. 3, consisted of two parts: a cylindrical part
104 mm in diameter and 74 mm in length, and a semi-cylin-
drical part with a diameter of 104 mm and length of
100 mm. The semi-cylindrical section provided a flat plane
of flow loop.



Fig. 3. Views of brass piece.

908 J.T. Bartley et al. / International Journal of Multiphase Flow 34 (2008) 905–915
(104 mm � 100 mm) coincident with the axis of rotation of
the cylindrical part. Thus, the outer edge of the branch inlet
was at a distance of at least 7.4d away from the edges of the
flat plane. Rotation of the brass test piece about its centr-
eline gave varying angles of inclination h of the flat-plane
region relative to the vertical direction. The branch hole
was machined at the centre of the flat plane, perpendicular
to this surface, for a depth of 32 mm (i.e., 5d) after which it
joined at right angles with another slightly larger-diameter
hole that was machined through the whole cylindrical part
and half-way through the semi-cylindrical part of the brass
piece. This arrangement in the brass piece allowed flow
from the test section to downstream components for sepa-
rating the flow and measuring the rates of flow of both gas
and liquid.

The brass piece was mounted and bolted onto the dis-
charge flange of the test section and a seal was made
between the brass and flange with an O-ring. After mount-
ing, surface A in Fig. 3 lay in the same plane as the inner
surface of the discharge flange. The position where the flat
plane of the brass piece was in a vertical position (and the
branch centreline was horizontal) became the case of flow
through a horizontal branch in a vertical wall (h = 0�).
Angles of rotation of the test piece were accurately marked
on the outer circumference of the brass piece (0� to 360�)
for setting the angle of inclination of the flat plane. The
angle markings were aligned relative to a horizontal refer-
ence marking on the outer side of the discharge flange of
the test section.

Two pressure taps, one on the air side and the other on
the water side, were installed on the outlet flange and con-
nected to a calibrated differential-pressure transducer in
order to measure the position of the air–water interface
from which the value of h was determined. The air and
water were basically at stagnation conditions near these
pressure taps and therefore, the dynamic pressure effects
on the liquid-level measurement were insignificant. Cali-
bration of the pressure transducer was done at atmospheric
pressure to produce a relationship between the height of
the water column above a datum and the transducer output
voltage. A relationship was available to account for the
change in the density of the air from atmospheric condi-
tions to working conditions inside the test section and its
effect on sensing the height of the liquid column above a
datum during testing (Parrott, 1993).

Locating the centre of the branch entrance in terms of a
pressure-transducer voltage was done in order to obtain a
reference point for determining the interface height h. It
should be noted that locating the branch centre was done
for every angle of inclination tested in the present set of
experiments even though the test piece rotated about an
axis nominally containing the centre of the branch
entrance. Theoretically, the branch centre should not
change when the test piece is rotated but this would require
near-perfect machining of the plane section to the exact
centreline of the brass cylinder, in addition to perfectly
machining the branch hole in the centre of the plane sec-
tion. A surveyor’s level was used to sight the top or bottom
edge (both were done) of the branch; the hair-line was set
tangent to the branch circumference. A needle was sus-
pended in the acrylic test section sufficiently away from
the test piece (around 8 cm) and was aligned such that
the needle tip was at the same elevation as that of the edge
of the branch under consideration. Water was allowed to
flow into the test section raising the air–water interface
until it just touched the tip of the needle; the voltage corre-
sponding to this interface level was then immediately
recorded. An average of the transducer voltages obtained
in this manner for the top and bottom edges of the branch
was calculated and subsequently used to represent the
branch centre.

During the experiments, either single-phase air flow or
single-phase water flow entered the separation tank, which
was maintained at pressure Ps. Flow from the separation
tank was directed to a bank of calibrated air rotameters
(for the OLE experiments) or a bank of calibrated water
rotameters (for the OGE experiments). The air rotameters
were capable of measuring flow rates from 19.31 Standard
L/min to 1346 Standard L/min. The water rotameters were
capable of measuring flow rates from 0.51 to 40.61 L/min.
All of the rotameters were of the variable-area type with
stainless steel floats. The temperature and pressure of the
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air flow through the rotameters were measured using a
thermocouple installed just upstream of the rotameter
bank and a water manometer connected to the outlet-air
header.

2.3. Experimental procedure

The testing program for the OLE and OGE consisted of
obtaining the height of the air–water interface, h, at which
the onset of entrainment occurred for a range of Froude
numbers and for seven angles of inclination of the flat
plane of the brass piece relative to the vertical plane
(Fig. 1). The angles of inclination that were employed in
the experiments were h = 0� (vertical plane and horizontal
branch), h = 30�, h = 60�, h = 90� (branch vertically
down), h = �30�, h = �60�, and h = �90� (branch verti-
cally up).

For the OGE experiments, hOGE was measured for a
range of liquid Froude number from FrL = 1.5 to
FrL = 70, all for a fixed value of h. Similarly, hOLE was
measured for a range of gas Froude number from
FrG = 1.5 to FrG = 45, all for a fixed value of h. The gen-
eral procedures that were used to obtain the data are dis-
cussed in the following sections.

2.3.1. Liquid-entrainment experiments

These experiments were conducted at a steady test-sec-
tion pressure Po = 317 kPa. For the chosen angle h, and
with the interface level well below the branch, a steady flow
of air was established through the branch at a flow rate that
was controlled with a valve just ahead of the air rotameter
to give a desired FrG. The pressures in the test section, Po,
the separation tank, Ps, and at the exit of the rotameter
were recorded. The height of the air–water interface in
the test section was gradually increased at a rate of less
than 1 mm/min, while the test-section pressure and air flow
rate through the branch remained steady. The phenome-
non of liquid entrainment into the branch was observed
visually through the clear acrylic pipe of the test section
and the voltage reading of the pressure transducer was
immediately recorded from which the value of hOLE was
later calculated.

As the liquid level was increased, the interface deformed
in the neighbourhood of the branch. The phenomenon of
liquid entrainment observed in this experiment for h P 0
for all FrG was typically characterized by the sudden for-
mation of a continuous liquid stream from the interface
to the branch entrance. For negative inclinations, the phe-
nomenon was characterized by the sudden formation of a
continuous liquid stream at low values of FrG. At relatively
high values of FrG with negative inclinations, the phenom-
ena started with entrainment of liquid drops into the
branch which intensified as jhOLEj decreased and eventually
became a continuous liquid spout. The data reported here
for hOLE at any given combination of h and FrG correspond
to conditions immediately preceding the formation of a
continuous liquid stream or spout.
Following the OLE, the temperature of the air in the test
section, To, was recorded, and the temperature and pres-
sure of the air at the rotameters were recorded from which
the local air density and subsequently, the air mass flow
rate, _mG, were determined. In order to calculate FrG, the
temperature, pressure, and density of the air at the branch
inlet, Ti, Pi, and qi, respectively, were required. This was
done by assuming an isentropic expansion of the air from
stagnation conditions in the test section (Po and To) to
the conditions at the branch inlet (Pi and Ti). Thus,

T i=T o ¼ ðP i=P oÞðk�1Þ=k
; ð2Þ

where k is the ratio of specific heats for air. An energy bal-
ance was applied between the stagnation conditions in the
test section and the branch inlet assuming ideal gas behav-
iour, and this resulted in

CpT o ¼ CpT i þ 8
_mG

pqid
2

� �2

; ð3Þ

where Cp is the constant-pressure specific heat. The density
was calculated from the ideal gas relation as

qi ¼
P i

RT i

; ð4Þ

where R is the ideal gas constant for air. Eqs. (2)–(4) were
solved iteratively and the converged value of qi was used in
Eq. (1) for the calculation of FrG.
2.3.2. Gas-entrainment experiments

These experiments were conducted in a manner similar
to that described for liquid entrainment except that: in
addition to Po = 317 kPa for low FrL, Po = 520 kPa was
used for high FrL; the interface started well above the
branch with a liquid flow rate for the desired FrL; the inter-
face level was decreased at the rate of less than 1 mm/min
while other conditions remained steady until the onset of
gas entrainment was detected by visual observation
through the transparent section, thus giving hOGE.

The phenomenon of gas entrainment observed in this
experiment was typically characterized by the sudden for-
mation of a gas cone from the interface to the branch
entrance. Under certain conditions, such as for higher
FrL with h = 30�, h = 60�, or h = 90�, a narrow tube of
gas extending from the interface to the branch began to
appear at high interface levels (h/d = 3.3–5.7) and the gas
tube persisted as the interface level was lowered. At a cer-
tain interface level, this gas tube disappeared and the flow
through the branch remained single-phase liquid for a
range of h. The appearance of this gas tube was not consid-
ered the onset of gas entrainment because the gas flow rates
involved were minute and also because the gas tube disap-
peared as the interface was lowered. With further lowering
of the interface level, an intermittent entrainment occurred
in which the gas cone was pulled through the branch for a
short period of time (�1 s or less). This pattern of intermit-
tent entrainment would persist at times over a range of
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interface levels (range of h) until a pattern of continuous
gas entrainment was established. For lower FrL with
h = 30�, h = 60� or h = 90�, the entrainment pattern was
similar to the pattern described above for higher FrL,
except that the appearance of the narrow gas tube at high
h/d did not occur. For a given FrL, the values of h at which
the different modes of entrainment (the appearance and
disappearance of the narrow gas cone, the intermittent
entrainment, and the continuous entrainment) occurred
were recorded. However, the data reported here for hOGE

at any given value of FrLcorrespond to conditions immedi-
ately preceding the onset of continuous entrainment.

Following the onset of gas entrainment, the tempera-
tures of the air and water in the test section were recorded
for later calculation of the densities qG and qL. The temper-
ature of the water was assumed to remain constant between
the test section and the rotameters where the flow rate was
read.

2.4. Estimates of experimental uncertainty

An estimate of the uncertainties in the independent and
dependent variables was made in the fashion described by
Moffat (1988) and Kline and McClintock (1953). All uncer-
tainties quoted here are at ‘‘odds” (as used by these
authors) of 20 to 1. The uncertainties are meant to accom-
modate: the accuracy of the calibrating device, the error in
fitting an equation (for computer data reduction) to the
calibration data, discrimination uncertainties in the mea-
suring instruments, and unsteadiness in the process. Pres-
sure gauges were calibrated using a deadweight tester,
thermocouples using a standard mercury-in-glass ther-
mometer, gas rotameters using wet test meters and venturi
meters (in turn the calibrations of which are traceable to
NIST standards), and liquid rotameters using a weigh-
and-time method. The pressure transducer used for mea-
suring h was calibrated against a micro-manometer and
the digital voltmeter used in the calibration was subse-
quently used in the normal running of the experiments;
for both calibration and subsequent experiments, the
sensitivity of the pressure transducer was approximately
48 mV/mm of water and the discrimination on the digital
voltmeter was ±1 mV. The results of the uncertainty anal-
ysis are given in Table 1.
Table 1
Measured parameters and their uncertainties

Parameter Uncertainty

Test-section absolute pressure, Po ±0.9%
Gas flow rate, _mG ±4.0%a

Liquid flow rate, _mL ±2.4%a

Temperature ±0.25�C
Interface height, h ±0.13 mma

Interface height at OGE, hOGE ±0.16 mma

Interface height at OLE, hOLE ±0.16 mma

a Maximum uncertainty.
3. Results and discussion

3.1. Onset of liquid entrainment

A sample of the flow phenomena observed at the OLE is
shown in Figs. 4 and 5 for positive and negative values of h,
respectively. In both cases, the Bernoulli effect takes place
and it is evidenced at first by a deflection in the interface
in the vicinity of the branch entrance. With a further
decrease in jhj, a stream or spout of water suddenly rises
to the branch inlet at the OLE. A key difference between
positive and negative angles is that a liquid stream travels
along the wall for positive angles, as shown in Fig. 4, while
for negative angles, it was possible for a liquid spout to rise
directly from the interface to the branch inlet, as shown in
Fig. 5. This difference in the flow structure at the onset was
found to have a strong influence on the trend of the values
of jhOLEj.

The experimental data expressed in terms of jhOLEj/d
versus FrG for h = 0�, 30�, and 60� are presented in Fig.
6. The data follow a straight line on the log–log scale for
all angles. It can be seen that the value of jhOLEj/d
decreases as h increases at the same FrG and, as may be
expected from physical reasoning, jhOLEj/d should
approach zero at h = 90� in the absence of surface-tension
Fig. 4. Depiction of the onset of liquid entrainment for h = 0� and
h = 60�.



Fig. 5. Depiction of the onset of liquid entrainment for h = �30� and
h = �60�.
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effects. Also, over the range 0� 6 h 6 60�, the slope of the
line appears to be increasing with h.

For h = 0�, Craya (1949) developed the following theo-
retical correlation for the OLE at horizontal branches:

jhOLE j =d ¼ 0:625Fr0:4
G : ð5Þ

Craya’s theory was confirmed experimentally by several
authors (e.g., Smoglie and Reimann, 1986; Micaelli and
Memponteil, 1989). For correlating the effect of the inclina-
tion h, an equation is sought that reduces to Eq. (5) for
h = 0�, has jhOLEj/d ? 0 at h = 90�, and accommodates
the different slopes in the data shown in Fig. 5. Such an
equation is

jhOLE j =d ¼ ½0:625ðcos hÞa1 �Fr
0:4 cosh

2ð Þa2

G ;

0� 6 h 6 90�; FrG < 45; ð6Þ

where a1 and a2 are empirical coefficients. Values of a1 and
a2 that produced the best fit between the data and Eq. (6)
were as follows: a1 = 1.8 and a2 = �1.8. In the absence of
surface-tension effects, the minimum value of jhOLEj would
be (d/2)cosh. Therefore, it is suggested as a precaution to
limit the use of Eq. (6) to values of FrG that result in pre-
dicted values of jhOLEj/d > 0.5cosh.

A comparison between the experimental data and Eq.
(6) is shown in Fig. 6. The deviation between the data
and correlation (6) ranges from �7.0% to +6.1% for
h = 0�, from �0.4% to +8.4% for h = 30�, and from
�8.4% to �2.0% for h = 60�. These values indicate a satis-
factory agreement between the data and correlation (6).

Fig. 7 shows the OLE data for the negative angles
h = �30�, h = �60�, and h = �90�, together with the data
for h = 0�. Craya’s (1949) correlation, given by Eq. (5), and
lines of ±20% deviation from the correlation are also
shown in the figure. It can be observed that nearly all data
points in Fig. 7 fall within the ±20% bounds of Eq. (5).
This trend is consistent with the flow phenomena shown
earlier in Fig. 5 for negative angles, where the liquid spout
that formed at the onset travelled directly from the
1 10 100
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Fig. 7. The onset of liquid entrainment for negative h.
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interface to the branch inlet. Because of that, the value of
jhOLEj was not influenced significantly by the inclination
of the wall, and so was different from the case with positive
h where the liquid stream travelled along the wall.

For the case of a top branch (h = �90�), several previ-
ous investigations proposed a correlation of the following
form for the OLE:

jhOLE j =d ¼ C1FrC2
G : ð7Þ

However, there has been considerable disagreement among
authors on the values of C1 and C2, as shown in Table 2.
Smoglie and Reimann (1986) obtained empirical values of
C1 and C2 for high-pressure air–water data, Schrock et
al. (1986) reported values for high-pressure steam-water
data, while Micaelli and Memponteil (1989) obtained val-
Table 2
Values of C1 and C2 in Eq. (7)

Source C1 C2

Smoglie and Reimann (1986) 1.52 0.4
Schrock et al. (1986) 1.45 0.4
Micaelli and Memponteil (1989) 0.596 0.67
Rouse et al. (1956) 0.536 0.4

Fig. 8. Depiction of the onset of gas entrainment for h = �30� and
h = �60�.
ues for C1 and C2 using data from different sources (includ-
ing Smoglie and Reimann, and Schrock et al.). Micaelli and
Memponteil noted significant scattering in the data partic-
ularly in the region jhOLEj/d < 4, where all of the present
data lie, and they attributed this scatter to the difficulty
in detecting the onset for the test-section configuration
used in the experiments and also due to fluctuations in
the flow field. In the present experiment, the liquid pool
was stagnant and the interface was smooth (no disturbance
discernible by naked eye) away from onset location. The
present data for h = �90� agree best with the empirical cor-
relation of Rouse et al. (1956) who obtained C1 = 0.536
and C2 = 0.4 under experimental conditions similar to the
present ones.
Fig. 9. Depiction of the onset of gas entrainment for h = 30� and h = 60�.
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3.2. Onset of gas entrainment

The phenomenon of gas entrainment at various wall
inclinations was found to be almost the mirror image of
the phenomenon of liquid entrainment. Figs. 8 and 9 show
photographs of the gas cone that forms at the onset for
negative and positive values of h, respectively. A dip forms
at the interface in all cases just prior to the onset. It can be
seen from Figs. 8 and 9 that the gas cone for positive angles
h stretches directly from the interface to the branch without
touching the wall, while for negative h, parts of the gas
cone appear to touch the wall. For that reason, the value
of hOGE at positive angles h was found to be nearly inde-
pendent of h, as will be shown later.

The OGE data are shown in Figs. 10 and 11 for negative
and positive h, respectively. Fig. 10 shows the data for
angles h = 0�, h = �30�, and h = �60�; for h = �90�, in
the absence of surface-tension effects, hOGE approaches zero
for all values of FrL based on physical reasoning. Also, in
the absence of surface-tension effects, hOGE/d should
approach 0.5cosh as FrL approaches zero. The data are pre-
sented in a semi-log plot because hOGE becomes negative for
h = �60� and low values of FrL. It may be noted also that
hOGE/d reaches values lower than 0.5cosh for h = �30�
and low values of FrL. The reason for both of these condi-
tions is that the surface tension force becomes significant at
low liquid flow rates whereby a liquid meniscus forms at the
top edge of the branch opening and the liquid flow is not
strong enough to tear the meniscus off the branch opening.

In correlating the data, it was assumed that inertia and
gravity forces are the dominant forces involved in the onset
phenomenon, thus neglecting surface tension which is
expected to be significant only at low FrL. Therefore, a cor-
relation in the form of Eq. (7) was sought for the data of
h = 0� and the line of best fit was found to be

hOGE=d ¼ 0:475Fr0:444
L : ð8Þ

The deviation between Eq. (8) and the data for h = 0� ran-
ged from �6.0% to +1.73%. Previous researchers also used
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Fig. 10. The onset of gas entrainment for negative h.
the form of Eq. (8) in correlating the OGE data for hori-
zontal branches. Smoglie and Reimann (1986) obtained
0.68 for the coefficient and 0.4 for the exponent, while
Micaelli and Memponteil (1989) produced 0.625 for the
coefficient and 0.4 for the exponent.

A correlating equation that includes the effect of inclina-
tion and reduces to Eq. (8) at h = 0� and hOGE/d = 0 at
h = �90� is proposed as

hOGE=d ¼ ½0:475ðcos hÞb1 �Fr
0:444 cosh

2ð Þb2

L ;

� 90� 6 h 6 0�; FrL < 70; ð9Þ
where b1 and b2 are empirical coefficients. A best fit with
the data of h = �30� and h = �60� was obtained with
b1 = 2.85 and b2 = �3.45. The deviations between the data
and correlation (9) range from �0.5% to +8.8% at
h = �30� and from �9.1% to +11.5% at h = �60�. These
deviations do not include the data affected by surface ten-
sion. Eq. (9) should only be used with values of FrL that re-
sult in predicted values of hOGE/d > 0.5cosh.

The OGE data for h = 30�, 60�, and 90� are presented in
Fig. 11. The figure shows that the data for all positive
angles, together with the data for h = 0�, collapsed in a nar-
row band bounded by Eq. (8) and a line 15% higher than
the line from Eq. (8). This trend is consistent with the
way by which the gas cone formed, namely without touch-
ing the wall, as discussed earlier. For h = 60� and FrL > 30,
continuous gas entrainment was observed by what
appeared to be a vortex flow. The gas flow corresponding
to all other data points in Figs. 10 and 11 appeared to be
vortex free. The vortex-flow data points in Fig. 11 corre-
spond to significantly higher values of hOGE/d. For down-
ward branches (i.e., h = 90�), Smoglie and Reimann
(1986) proposed the following correlation for the onset of
gas entrainment:

hOGE=d ¼ KFr0:4
L ; ð10Þ
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with K = 0.625 for vortex-free entrainment and K = 1.816
for vortex entrainment. Eq. (10) with K = 1.816 is shown
in Fig. 11 and it appears to be close to the present vor-
tex-entrainment data.

3.3. Comparison with Lee et al. (2007)

Since the work of Lee et al. (2007) is the only other pub-
lished study on the onsets of gas and liquid entrainment
from inclined branches, it is important to compare the
present results with those of Lee et al. It must be pointed
out however that there is a major difference in the geometry
considered in both studies whereby Lee et al. considered
inclined branches mounted on a circular header while the
present study considered inclined branches mounted on a
flat wall. This difference in geometry may have had an
influence on the magnitude and trends of the results.

For the onset of liquid entrainment, Lee et al. consid-
ered branch inclinations of h = 0�, �30�, �45�, �60�, and
�90�, and their data were mostly in the range
1 6 FrG 6 10. For these conditions, Lee et al. reported that
the value of jhOLEj/d was significantly affected by the incli-
nation angle h, that this effect decreased as FrG increased,
and they predicted that the effect would be insignificant
for FrG > 10. On the other hand, the present data of
OLE considered branch inclinations of h = 0�, ±30�,
±60�, and �90�, and a Froude-number range of
1 6 FrG 6 45. For the negative angles, which were consid-
ered by Lee et al., the present results showed a small effect
of h on jhOLEj/d over the whole range of FrG, as shown in
Fig. 7. However, for positive h, significant effects of h on
jhOLEj/d were noted in the present study (see Fig. 6), while
the study by Lee et al. did not include positive values of h
for the OLE.

For the onset of gas entrainment, Lee et al. considered
branch inclinations of h = 0�, 30�, 45�, 60�, and 90�, and
their data were mostly in the range 2 6 FrL 6 30. Similarly,
for these conditions, Lee et al. noted that the value of
hOGE/d was affected by h, that this effect decreased as FrL

increased, and they predicted that the effect would be insig-
nificant for FrL > 10. On the other hand, the present data
of OGE considered branch inclinations of h = 0�, ±30�,
±60�, and 90�, and a Froude-number range of
1 6 FrL 6 70. For the positive angles, which were consid-
ered by Lee et al., the present results showed a small effect
of h on hOGE/d over the whole range of FrL, as shown in
Fig. 11. However, for negative h, significant effects of h
on hOGE/d were noted in the present study (see Fig. 10),
while the study by Lee et al. did not include negative values
of h for the OGE. These observations about the findings of
Lee et al. relative to those of the present study underline the
need for further research on this topic.

4. Conclusions

New experimental data are reported for the onsets of
liquid and gas entrainment for discharge through a circular
outlet branch in a flat plane at various angles of inclina-
tion. The following conclusions can be drawn from the
results of this investigation:

1. For negative h, jhOLEj/d is essentially independent of h
for a given FrG.

2. For positive h, jhOLEj/d is correlated empirically in terms
of FrG and h; good agreement is seen between the exper-
imental data and the correlation.

3. For positive h, hOGE/d is essentially independent of h for
a given FrL.

4. For negative h, hOGE/d is correlated empirically in terms
of FrL and h; good agreement is seen between the exper-
imental data and the correlation.

5. For the cases where the onset h/d was essentially inde-
pendent of h, these were explained in terms of the phys-
ical appearance of the entrainment process.
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