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Abstract

It has recently been shown that a consideration of the stability of a stratified flow and of the stability of a

slug has provided accurate predictions of the critical liquid height of a stratified flow for the transition to a

slug or plug flow in horizontal and downwardly inclined pipes. Two diameters and viscosities of 1–70 cp

were considered. Predictions of the critical superficial liquid velocity are not so accurate. This paper par-

tially examines this issue by presenting measurements of the mean pressure gradient and of the time-varying

holdup for air and water flowing in a horizontal 2.54 cm pipe.

Important contributions are the use of viscous long wavelength theory to predict the initiations of roll

waves and the discovery of a range of liquid flows (in the pseudo-slug regime) at which the liquid holdup of
the stratified layer is close to the critical and is not changing strongly with liquid flow. A partial explanation

for this behavior is given which recognizes that the liquid layer over which roll waves are propagating is

below that required for the stability of a slug. Slugs will appear if conditions are favorable for the co-

alescence of roll waves.

� 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Two theoretical concepts have played a prominent role in explaining the transition from a
stratified to a slug pattern for air–water flow in a horizontal pipe. One of these predicts the critical
height at low gas velocities by using viscous long wavelength (VLW) theory to examine the
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stability of a stratified flow (Lin and Hanratty, 1986; Wu et al., 1987). The other predicts the
critical height by examining the stability of a slug (Ruder et al., 1989; Bendiksen, 1984; Woods
and Hanratty, 1996). A good agreement is noted between predicted and measured critical heights
but this is not the case for the critical liquid flow (Hurlburt and Hanratty, 2002). This paper
describes experiments aimed at explaining this discrepancy. It is limited in scope in that they are
restricted to air and water flowing in a horizontal pipe with a diameter of 2.54 cm. For this case,
HH have predicted higher critical liquid flows at low gas velocities and lower critical liquid flows
at high gas velocities than are observed in experiments.

Measurements of the time-averaged pressure gradient and liquid holdup were made at a fixed
gas rate for different liquid flows. Time-averaged wall shear stresses and interfacial stresses are
calculated from the measured time-averaged pressure drop, holdup and gas velocity with the
idealized model of a stratified flow (Fig. 1) that is usually employed to develop the relation of
liquid holdup to the gas and liquid superficial velocities.

In their study of flow patterns in air–water flows, Lin and Hanratty (1987a,b) defined a pseudo-
slug region (in a plot of the superficial gas velocity, USG, versus the superficial liquid velocity, USL),
near the intersection of the stratified, annular and slug flow regimes. Pseudo-slugs are identified by
them as disturbances which have the appearance of slugs, but which do not give the identifying
pressure pattern and do not travel at the gas velocity.

Studies of the initiation of slugs in a 2.54 cm pipe are made complicated because the pseudo-
slug regime covers a wide range of flow conditions. Lin and Hanratty (1987a,b) show that for
USG 6 2 m/s slug flow occurs by a transition from a stratified flow with a relatively smooth in-
terface and that for 2 < USG < 50 m/s the transition is from a flow with pseudo-slugs. This paper
provides an explanation for the discrepancies in the calculations of HH. However, of equal im-
portance is the provision of new information about the pseudo-slug regime and the demonstration
that VLW theory correctly predicts the initiation of roll waves in a pipe flow.

2. Description of the experimental facilities

The experiments were performed in a flow facility described in a number of previous papers
(Andritsos and Hanratty, 1987; Fan et al., 1993; Williams, 1990; Woods, 1998). The 2.54 cm pipe

Fig. 1. Simplified geometry for an idealized stratified flow.
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was made of Plexiglas and had a length of 18.3 m. The liquid and gas were mixed in a tee-section
at the inlet.

The thickness of the liquid layer, h, flowing along the bottom of the pipe (see Fig. 1) was
determined by measuring the conductance between two parallel wires located 15 and 16.5 m from
the entrance. The conductance method is described in several previous papers from this labora-
tory (Lin and Hanratty, 1987a,b; Fan et al., 1993; Woods and Hanratty, 1996). The probes are

Fig. 2. Pressure pulse measurements at a superficial gas velocity of 8 m/s.
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calibrated by measuring the conductance when the pipe is filled to different levels, h. A plot of h=D
versus conductance gives a linear relation (Williams, 1990) so that the time-averaged conductance
gives the time-averaged h when the liquid level is varying with time. The conductance between the
probes decreases with decreasing conductivity. If bubbles are uniformly distributed in the liquid
with a void fraction of e then the measured h needs to be increased by a fraction ð1� eÞ. Fan et al.
(1993) have shown that measurements of conductance can be used to obtain the void fraction in
slugs.

Pressure gradients were measured with two capacitive differential pressure transducers with
pressure ranges of 25 and 625 N/m2. The taps were placed 15 and 16.5 m from the entrance of the
test section. Static pressure fluctuations were measured with another pressure transducer. The
flow discharging from the pipe was at atmospheric pressure. Pressure, as well as height mea-
surements, were made every 3 ms.

The initiation of slugs could be identified visually at USG < 5 m/s. At higher gas velocities, the
slugs are not easily differentiated from large amplitude waves. Therefore, visual observations were
supplemented with measurements of pressure pulses, as suggested by Lin and Hanratty (1986). An
example, for which the critical USL is 0.25 m/s, is given in Fig. 2. Because of the large pressure
difference between the front and the back of a slug there is a sharp pressure increase when the slug
passes the measuring point, located 13.3 m from the outlet. If the slug has a velocity of 10 m/s, it
reaches the outlet in 1.3 s. A sharp decrease occurs when it discharges from the pipe. Thus, at
USG ¼ 10 m/s, a slug can be identified as a pressure pulse which has a rectangular shape and a
length of 1.3 s. About 10 slugs can be seen in Fig. 2f. The heights of the pulses decrease with
decreasing slug length, i.e., with decreasing USL. Taking this into account, slugs can also be
identified in Fig. 2c–e. There is some subjectivity in defining the transition, so it is noted that the
critical superficial liquid velocities defined in this study agree roughly with previous results ob-
tained by Andritsos and Hanratty (1987) (see Fig. 11).

3. Theory

3.1. A model for a stratified flow pattern

Momentum balances for the gas and liquid flows can be written as follows if the idealized
model of a stratified flow is used:

�AG

dP
dx

� �
� sWGSG � siSi þ qGAGg sin h ¼ 0 ð1Þ

�AL

dP
dx

� �
� qlg cos h

dhL
dx

� �
� sWLSL þ siSi þ qLALg sin h ¼ 0 ð2Þ

where sWG and sWL are the time-averaged resisting stresses of the wall on the gas and liquid phases
and si is the time-averaged stress at the interface. The simplified geometric representation of the
time-averaged stratified flow, that is used in this paper, is given in Fig. 1. The flow is assumed to
be horizontal (cos h ¼ 1, sin h ¼ 0) and fully developed, dh=dx ¼ 0. The second of these as-
sumptions might not be valid at small gas velocities, where the flow in the liquid is subcritical. The
gas phase stress, sWG, is calculated using the Blasius equation
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sWG ¼ fBGqGU
2

2
ð3Þ

where U is the gas velocity, qG is the gas density. The Blasius friction factor for the gas is given by

fBG ¼ 0:0791
qGUDHG

lG

� ��0:25

ð4Þ

and DHG is the hydraulic diameter,

DHG ¼ 4
AG

SG þ Si
ð5Þ

Parameters AG, AL, SG, Si, SL can be calculated from measurements of h=D by using geometric
formulas presented in Govier and Aziz (1972). Therefore Eqs. (1)–(5) can be used to calculate si
and sWL from measurements of dP=dx and h=D at a given gas flow.

The interfacial shear stress is expressed in terms of a friction factor, fi, defined as

si ¼
fiqGU

2

2
ð6Þ

The wall shear stress in the liquid phase is defined by the equation,

sWL ¼ fWLqLu
2

2
ð7Þ

where u is the average liquid velocity, qL is the liquid density and fWL is the friction factor. For
the case of a turbulent flow, the friction factor can be defined by the Blasius equation for the
liquid:

fWL ¼ fBL ¼ 0:0791
qLUDHL

lL

� ��0:25

ð8Þ

with

DHL ¼ 4
AL

SL
ð9Þ

For laminar liquid flow the friction factor is approximated as

fwL ¼ Cp

ReL
ð10Þ

where, for fully developed laminar flow of a single phase, the Poiseuille parameter, Cp equals 16.
Russell et al. (1974) have presented results from a numerical solution of the Navier–Stokes
equation for a laminar stratified flow with a flat interface and an interfacial stress that is constant
along the interface. The pressure gradient was calculated from Eq. (1) with sin h ¼ 0. Table 1
presents results from this calculation for the case where sWG is given by Eqs. (3) and (4) and
sWG ¼ si, by tabulating

Q� ¼ � plLVSL
2D2ðdP=dxÞ ð11Þ
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as a function of h=D. A relation for Q� ¼ f ðh=DÞ can also be developed by using Eqs. (1)–(4), (10).
Values for Cp can then be calculated from the results presented by Russell et al. These are given in
Table 1.

By eliminating dP=dx between Eqs. (1) and (2) and substituting Eqs. (3)–(10) the following
relations are obtained for the superficial liquid velocity if both the liquid and gas phases are
turbulent:

USL

USG

� �1:75

¼ fBL
fWL

qGl0:25
G

qLl
0:25
L

gtt
h
D

� �
ð12Þ

gtt
h
D

� �
¼ AL

AG

� �1:75 DHL

DHG

� �0:25 SGAL

SLAG

�
þ fi
fBG

Si
SL

1

�
þ AL

AG

��
ð13Þ

Eq. (12) allows USL to be calculated if USG and h=D are known. Similarly, for a turbulent gas and a
laminar liquid, the following equations are derived:

USL

USG

� �
¼ D0:75U 0:75

SG q0:75
G

l0:75
G

lG

lL

� �
gtl

h
D

� �
ð14Þ

gtl
h
D

� �
¼ 0:0791

Cp

AL

A
A
AG

� �1:75 DHL

D
D

DHG

� �0:25 SGAL

SLAG

�
þ fi
fBG

Si
SL

1

�
þ AL

AG

��
ð15Þ

3.2. Viscous long wavelength instability

Hanratty and Hershman (1961) developed VLW stability theory to described the initiation of
roll waves in a rectangular channel. The basic assumptions are that the waves are long enough
that a hydrostatic approximation can be used to describe the pressure variation in the liquid and
that the stresses in the time varying flow can be described by making a pseudo-steady state
approximation.

Lin and Hanratty (1986) applied this theory to the complicated flow that exists in a pipe flow.
A disturbance is introduced at the interface so that AL is given by

Table 1

Laminar liquid–turbulent gas flow for si ¼ sWG (Russell et al., 1974)

Q� h=D Cp

1.58� 10�4 0.05 13.1

8.87� 10�4 0.10 13.5

4.89� 10�3 0.20 13.8

1.28� 10�2 0.30 14.0

2.40� 10�2 0.40 14.3

3.73� 10�2 0.50 14.6

5.08� 10�2 0.60 14.9

6.15� 10�2 0.70 15.4

6.66� 10�2 0.80 16.1

6.31� 10�2 0.90 17.2
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AL ¼ AL þ bAAL expikðx� CtÞ ð16Þ

where the wave number k and the amplitude bAAL are real and the wave velocity C is complex. The
disturbance is assumed to be small enough that linearized forms of the momentum equation can
be used. The real and imaginary parts yield two equations that define AL and CR for given su-
perficial gas and liquid velocities at neutral stability (CI ¼ 0). Detailed descriptions of these cal-
culations are given in Lin and Hanratty (1986) and in Hurlburt and Hanratty (2002).

3.3. Slug stability model

The stability of a slug is defined by considering the rates at which liquid is picked up at its front
and shed at its back. The front of the slug is moving over a stratified flow with a time-averaged
area of AL1 and a velocity u1. The stratified flow is assumed to contain no bubbles. The front of the
slug, which is moving with a velocity CF, scoops up the slower moving liquid in the stratified flow
at a rate given by

Qin ¼ ðCF � u1ÞAL1 ð17Þ

The rear of the slug is pictured to behave as a bubble which has a velocity CB. The velocity of the
liquid in the slug is u3. The slugs contain air bubbles which are moving at a velocity equal to su3,
where s is the ratio of the bubble velocity to the liquid velocity. The volume fraction of gas in the
slug is e. The slug sheds liquid at a rate

Qout ¼ ðCB � u3Þð1� eÞA ð18Þ

If Qin is greater than Qout the slug will grow. At neutral stability the area of the stratified flow is
given by

AL1

A

� �
Crit

¼ ðCB � u3Þð1� eÞ
CB � u1

; ð19Þ

From Woods and Hanratty (1996) and Bendiksen (1984) the bubble velocity is given as CB ¼ 1:2
Umix ¼ 1:2ðUSL þ USGÞ for the experiments reported in this paper (for which the slug is turbulent).

It would not be possible to generate slugs on a stratified flow below this critical value of AL1, so
Eq. (19) defines a critical liquid holdup in a stratified flow below which slugs will be unstable. The
implementation of Eq. (19) is discussed by Woods and Hanratty (1996) and by Hurlburt and
Hanratty (2002). The calculation of the critical liquid holdup for a given USL and USG requires
expressions for u3, e, and s. The liquid velocity in the slug, u3, is obtained from conservation of
mass. The correlation proposed by Andreussi and Bendiksen (1989) was used to calculate e. Direct
measurements of the slip, s, are not available. Woods and Hanratty (1996) used measurements of
Qout to calculate s from Eq. (18). These give values of s ffi 1 at Umix < 2 m/s, s ffi 1:5 at Umix > 8 m/
s and a roughly linear increase between Umix ¼ 2 and 8 m/s.

Most often u1 in Eq. (19) can be ignored because it is much smaller than CB. In cases where this
is not the situation the liquid velocity u1 can be calculated from momentum balance equations
similar to Eqs. (12) and (14) if USG and the height of the stratified flow between the slugs, h1, are
known.
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4. Results

4.1. Time variation of holdup

Figs. 3 and 4 show tracings of the measured time variation of the holdup at USG ¼ 3 and 5 m/s.
These are expressed as the ratio of the height of the liquid at mid-plane to the pipe diameter, h=D.
At USG ¼ 3 m/s and a superficial liquid velocity, USL, of 0.01 m/s the interface is relatively smooth.
The time-averaged height of the liquid increases with increasing liquid flow. Eventually, roll waves
with sharp changes in height in their front and with gradual changes in their backs, such as de-
scribed by Hanratty and Hershman (1961), appear when USL ffi 0:04 m/s. The h=D is greater than
that needed to sustain a stable slug. Because of this, the roll waves have the possibility of growing
into a slug. Thus, the slugs appear on the interface at a superficial velocity slightly over the critical
flow needed to initiate roll waves. Since the slugs are aerated the h=D in the holdup tracings does
not have a value of 1.0. Thus, Fig. 3b indicates roll waves with h=D ffi 0:6 and a slug with
h=D ffi 0:8 at time ffi3 s. Fig. 3c shows a mixture of slugs and roll waves.

The tracings for USG ¼ 5 m/s in Fig. 4a shows a stratified flow with small amplitude regular
waves. As would be expected, the height of the liquid layer at USL ¼ 5 m/s is smaller than observed
at 3 m/s. At a superficial liquid velocity of about 0.025 m/s, roll waves appear at the interface. The
height of the base layer is less than that required for a stable slug to exist. Some of these waves can
come close to touching the top wall but they do not form stable slugs. They are the pseudo-slugs
identified by Lin and Hanratty (1987b). Measurements in Fig. 4b and c at USL ¼ 0:05 m/s and

Fig. 3. Liquid holdup measurements at a gas superficial velocity of 3 m/s.
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0.1 m/s are examples of this pseudo-slug regime. The base film between these waves is the same as
that of the stratified layer prior to transition. An increase in USL causes an increase in the fre-
quency of these waves but it does not cause an increase in the height of the base film. Thus, the roll
waves in Fig. 4b and c do not have the possibility of growing directly into slugs.

Eventually at USL ffi 0:18 m/s slugs appear. The roll waves coalesce to form a slug which moves
faster than the roll waves (or the base layer suddenly increases to the height required for slugs to
grow). The slug overtakes other roll waves and further growth occurs. Fig. 4d shows holdup
measurements at a USL which is slightly above that required for the initiation of slugs. A mixture
of roll waves and slugs is observed. However, as already pointed out by Lin and Hanratty (1987a),
it is difficult to distinguish between pseudo-slugs and slugs from film height tracings. It could be
speculated that a young slug is seen at time ffi7 s. This will grow by overtaking the roll wave in
front of it.

The compression of the time scale in Fig. 4 distorts the tracings. The heights of the waves in
Fig. 4d are about 0.01 m. The wave velocity is about 2 m/s so the distance between the waves is
about 2 m. If a slug has a velocity of about 6 m/s, a slug with a length 0.3 m would appear over a
time interval of about 0.0 5 s and would be captured by about 20 points. However, a very short
newly formed slug with a length of one pipe diameter would be captured by only two points.

4.2. Time mean measurements of the holdup

Measurements of time-mean h=D are presented in Fig. 5. The location of the marking for the
initiation of pseudo-slugs was taken from Lin and Hanratty (1987b). This definition is subjective;
it is included only to tie the results to previous observations. The measurements of h=D below the
transition to slug flow represent the time-averaged height of a stratified wavy flow.

The striking feature of Fig. 5 is the relative insensitivity of holdup to change in USL in the
pseudo-slug regime. For example, at USG ¼ 8 m/s, h=D varies from 0.17 to 0.18 as USL changes

Fig. 4. Liquid holdup measurements at a superficial gas velocity of 5 m/s.
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from 0.15 to 0.25 m/s. Measurements of the frequencies of roll waves are given in Fig. 6. These
show an increase with increasing USL in the region where pseudo-slugs exist. The insensitivity of
holdup to increases in USL, therefore, suggests that the volume contained in individual roll waves
decreases as the frequency increases. Since the volume flow carried by the roll waves increases with
increasing USL, an insensitivity of holdup would indicate that the velocity of the roll waves are
increasing with increasing USL. Support for this interpretation is obtained from measurements of
wave velocities given in Fig. 7.

These could be measured by examining directly the tracings obtained with probes located at
7.92 and 10.36 m from the entrance. In this way the times at which a given roll wave appeared at
the two locations were determined and the velocity of the roll wave was calculated as the quotient
of the spacing between the probes and the difference in the arrival times. Measurements of the
cross-correlation coefficient of the signals from these two probes can also be used. The wave
velocity is defined as the ratio of the distance between the probes and the smallest time at which
the correlation coefficient reaches a maximum, which is not a large number. Both methods pro-
duced approximately the same result.

Fig. 5. Holdup at different superficial gas velocities for a range of liquid velocities.

Fig. 6. The effect of liquid superficial velocity on roll wave frequency for different superficial gas velocities.
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4.3. Pressure drops and calculated stresses

Measurements of the mean pressure gradient are presented in Fig. 8. A large increase with
increasing USL is noted in the pseudo-slug region. This arises, mainly, because the increase in USL

is accompanied by an increase in the mean liquid velocity. This, in turn, causes an increase in the
wall resistance on the part of the wall that is in contact with the stratified liquid. Another cause
could be an increase in the resistance due to the presence of a liquid film on the part of the wall in
contact with the gas. These ideas are pursued further by calculating the wall stress, sWL, and the
interfacial stress, si, by using the simplified model of a stratified flow shown in Fig. 1. These
calculations are approximate because of shortcomings of the simplified model. The gas–liquid
interface is not flat and air could be present in the liquid. Nevertheless, they are used because they
provide some help in interpreting the results and because the simplified model is what has been
used to calculate USL when the critical holdup is known.

A force balance relates the pressure drop to the resisting stresses at portions of the wall in
contact with the gas, sWG, and with the liquid, sWL. The former is calculated by using the Blasius

Fig. 7. The effect of USL on wave velocity for different gas velocities.

Fig. 8. The effect of superficial liquid velocity on the pressure gradient for a range of superficial gas velocities.
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equation. Therefore, measurements of the pressure gradient, Fig. 8, and of h=D, Fig. 5, were used
to calculate the sWL shown in Fig. 9a and b. As expected, the wall resistance increases strongly
with increasing USL. Values of sWL calculated with the Blasius equation are represented by the
curves drawn in Fig. 9a and b. When roll waves are present, sWL is larger than what is calculated
by the Blasuis equation. Results at large USL can be represented by assuming fWL=fBL ffi 1:4 (see
Eq. (12)). If an increase in sWG due to the presence of a wall film were taken into account, the
values of sWL calculated from the measured pressure gradient and h=D would be smaller than
given in Fig. 9.

Interfacial stresses, si, were also calculated by using the simple model of a stratified flow (Fig. 1)
and by calculating sWG with the Blasius equation. The values of fi=fBG in Fig. 10 were obtained
from the calculated si and Eqs. (4) and (6). A very large increase in fi=fWB with increasing USL is
calculated. Values as high as 30 are noted for USG ¼ 6 and 8 m/s close to the transition from a
pseudo-slug region to a slug-flow region. These increases can be interpreted as resulting from an
increased roughness of the interface due to the presence of waves.

Smaller values of fi=fBG would be obtained if the calculated sWG were increased due to
the presence of a wall film. However, this would not greatly alter the picture obtained from
Fig. 10.

Fig. 9. (a) The effect of USL on the wall shear stress in the liquid for USG ¼ 5 and 8 m/s. (b) The effect of USL on the wall

shear stress in the liquid for USG ¼ 3 and 6 m/s.
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5. Comparison with theory

The appearance of roll waves and of slugs are discussed in the preceding section. The critical
conditions for the observed transitions are plotted in Figs. 11 and 12. Roll waves appear on a
stratified flow with small wavelength waves. The fi=fBG characterizing the stratified flows at the
transition is of the order of 2. The critical h=D and USL for the appearance of roll waves decrease
monotonically with increasing USG.

The open circles and darkened triangles indicate, respectively, the transition to slugs observed
in this study and by Andritsos and Hanratty (1987). At low USG, where slugs are easily identified,
the agreement between the two sets of measurements is good. At large USG the agreement is as
good as can be expected, considering that a certain amount of subjectivity enters into the defi-
nition of the transition. At USG 6 2 m/s, the critical USL for slugging is close to the condition
required for the appearance of roll waves. At large USG, a larger USL than the critical is required
for the transition to slug flow. As already noted in Section 4, Fig. 11 shows that the differences

Fig. 10. The interfacial friction factor for a range of superficial liquid velocities at different superficial gas velocities.

Fig. 11. Critical USL for air–water flow in a horizontal 2.54 cm pipe.
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between the critical USL for the appearance of slugs and for the appearance of roll waves increases
with increasing USG.

The prediction of instability by VLW theory is given by the gray curves in Figs. 11 and 12.
Reynolds numbers for the stratified flow are defined as

ReL ¼ DHLqLuL
lL

ð20Þ

where the hydraulic diameter DHL is given as 4AL=SL, u is the average liquid velocity, AL is the
time-averaged area of the liquid and SL is the length of the pipe circumference which, on average,
is in contact with liquid. Calculated ReL are given in Fig. 13. These support the use of a laminar
relation for sWL, along with measured fi=fBG, to calculate the critical condition defined by VLW
theory. Figs. 11 and 12 show that the VLW theory predicts, quite well, the condition required for
the initiation of roll waves (and for the initiation of slugging at low gas velocities).

Predictions of the critical h=D required for the stability of a slug are plotted as the dark lines in
Figs. 11 and 12. Eq. (10) was used to calculate sWL and a value 1.4 was used for fWL=fBL. The

Fig. 12. Critical h=D for air–water flow in a horizontal 2.54 cm pipe.

Fig. 13. Liquid phase Reynolds numbers close to the transition to roll waves.
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fi=fBG were taken from the experimental measurements shown in Fig. 10. The appearance of roll
waves at higher gas velocities does not lead to the generation of slugs since the height of the
stratified flow is not large enough to sustain stable slugs. At USG larger than 4 m/s, the critical h=D
for the transition to slug flow agrees roughly with the theoretical prediction for the stability of slug
(see Fig. 12).

As seen in Fig. 11, values of the critical USL that are calculated with Eqs. (12) and (13) agree,
roughly, with the critical USL observed in laboratory studies.

6. Discussion

A consideration of the stability of a stratified flow with VLW theory and the stability of a slug
have provided an explanation for the observed critical liquid height at the transition to slugging
for air and water flowing in a horizontal pipe. However, paradoxically, the prediction of the
critical superficial liquid velocity has not been so successful (Hurlburt and Hanratty, 2002). This
discrepancy provided the motivation for the present study. However, our choice of a 2.54 cm pipe
for carrying out the experiments introduced additional complications because there is a large
region in which the transition is from the pseudo-slug pattern, defined by Lin and Hanratty (1986,
1987a,b), rather than from a stratified pattern. As a consequence, the explanation of the pecu-
liarities of the transition from pseudo-slugs became a central theme.

One of the contributions of this paper is the demonstration that VLW theory can be used to
predict the initiation of roll waves in a pipe flow. This required the assumption of a laminar flow
in the stratified layer. The critical height is found to decrease with increasing gas velocity. At low
USG the height is large enough to sustain stable slugs. The transition to slug flow, therefore, occurs
at h=D close to that required for the initiation of roll waves because the roll waves have the
possibility of growing directly into slugs.

At large USG the height of the liquid at the transition to roll waves is below the critical height
required for the existence of stable slugs. Consequently, there is a large range of liquid flows for
which the stratified layer contains roll waves. As the superficial liquid velocity increases the fre-
quency of the roll waves increases (see Fig. 6). This is accompanied by increases in the liquid
holdup, the wave velocity and the pressure gradient. A surprising result is that the liquid holdup
eventually becomes relatively insensitive to changes in USL, even though the pressure gradient and
wave velocity are increasing. This region of incipient slugging terminates with the appearance of
stable slugs.

Thus, it is not sufficient to define the transition to slug flow as occurring when the average
holdup of the stratified flow is equal to that predicted for the stability of slugs. A possible reason
for this is that the height of the liquid layer between the roll waves is equal to the critical h=D for
the initiation of roll waves. This is below that required for a slug to be stable. Therefore, it is not
possible for the roll waves to grow directly into slugs. Lin and Hanratty (1987a,b) have observed
that the initiation of slugging at high USG occurs through the coalescence of roll waves. As USL

increases a condition is reached that promotes coalescence. The prediction of the initiation of
coalescence, therefore, is needed to predict the critical USL for initiating slugging. This could
depend on the velocity and the frequency of the roll waves.
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The marked increase in pressure gradient with increasing USL (Fig. 7) can be explained by the
increase in sWL associated with the increase of the liquid velocity in the stratified layer. If one uses
the simplified model of a slug, shown in Fig. 1, estimates of sWL and si can be made from mea-
surements of the pressure gradient and the average height of the stratified layer. This indicates
that the ratio of interfacial friction factor to the value predicted by the Blasius equation increases
with increasing USL in the region where pseudo-slugs exist. It can assume a value as high as 30
close to the transition to slug flow.

Finally, it is of interest to return to the original motive of this study by examining previous
predictions by Hurlburt and Hanratty (2002), of critical USL for air and water flowing in a hor-
izontal 2.54 cm pipe. As already pointed out, the critical h=D observed in this study agree with the
predictions of HH in that they are predicted reasonably well at high gas velocities by considering
the stability of slugs and, at low gas velocities, by considering the stability of a stratified flow (see
Fig. 12). However, at low USG, Hurlburt and Hanratty predicted higher USL than is observed. In
their analysis, HH used the Blasius equation to calculate sWL. Our study shows that better
agreement is obtained if the stratified flow is assumed to be laminar. (See the curve in Fig. 11 that
is calculated with the VLW model for a laminar liquid.) Another possible explanation, at small
USG, is that an increase in USL is accompanied by an increase in the hydraulic gradient. This idea
could also be pursued.

The calculations by HH, at large USG, of critical USL (corresponding to the critical h=D pre-
dicted by considering slug stability) are lower than observed. This can be explained because their
choices of fi=fBG are much smaller than observed for incipient slugging. Of course, this result is
not surprising. It is expected if one knows the critical h=D and the values of fi and fWL at tran-
sition. The agreement, therefore, does not bypass the need for another physical criterion than slug
stability to predict the critical USL for transition to slug flow from a stratified flow that has
pseudo-slugs. As mentioned above, this probably involves a consideration of the initiation of the
coalescence of roll waves.

One aspect of the results which is not understood is the observation that the holdup in the
region of incipient slugging is close to the critical value needed for the initiation of slugging.
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