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Experiments were conducted with air-water flow in a horizontal 0.095-m pipeline 
at atmospheric pressure to examine the mechanism by which slugs form in a stratified 
flow. A specially designed entrance box was used to avoid disturbances. In these 
experiments, at superficial gas velocities less than 3 m/s, the slugs are found to 
evolve from waves, with a length of about 0.085 m, that are generated by a Jeffreys 
mechanism. These waves grow in height and eventually double in wavelength by a 
nonlinear resonance mechanism. Depending on the height of the liquid, the growth 
can lead to a breaking wave or to a wave that fills the whole pipe cross section. At  
superficial gas velocities equal to or greater than 4 m/s  capillary-gravity waves with 
a wide range of lengths are generated by a linear Kelvin-Helmholtz mechanism. 
These rapidly evolve into long waves outside the range of linear instability. If the 
liquid height is large enough, these waves can form slugs through a nonlinear Kelvin- 
Helmholtz instability that is aided by wave coalescence. 

Introduction 
When gas and liquid flow in a pipeline, a slug pattern can 

be observed, for which aerated blocks of liquid bridge the 
whole cross section and move intermittently downstream. The 
manner by which they are formed is of considerable importance 
in predicting the conditions for initiating the slug pattern and 
for predicting the frequency of slugging. 

Most theoretical work has focused on a Kelvin-Helmholtz 
mechanism whereby the destabilizing effects of inertia and of 
gas-phase pressure variations 180 degrees out of phase with 
the waveheight are larger than the stabilizing effects of gravity 
and surface tension. Wallis and Dobbins (1973), Lin and Han- 
ratty (1986), and Wu et al. (1987) implemented this notion by 
examining the stability of a flowing liquid layer to long wave- 
length disturbances. According to these analyses, slugs evolve 
directly from infinitesimal waves, which grow to touch the top 
of the pipe. Kordyban and Ranov (1970), Taitel and Dukler 
(1976), and Mishima and Ishii (1980) examined the stability 
of finite amplitude waves. These analyses are not complete in 
that the origin of the wave is not indicated and information, 
such as the wavelength and the amplitude of the unstable wave, 
has to be specified. 

Bontozoglou and Hanratty (1990) suggested that slugs could 
evolve in air/water systems from small-amplitude capillary- 
gravity waves generated by a Jeffreys sheltering mechanism 
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(an imbalance between energy fed to the wave by gas-phase 
pressure variations in phase with the wave slope and viscous 
dissipation). When these waves grow to a certain amplitude, 
a bifurcation exists whereby they have the possibility of dou- 
bling in wavelength. Bontozoglou and Hanratty argued that 
this bifurcation is the first step in the evolution of these waves 
to slugs and that the bifurcation is triggered by a subcritical 
Kelvin-Helmholtz instability. No experimental evidence is 
available to support this mechanism. 

Lin and Hanratty (1987b) reported on visual observations 
of the initiation of slugs in horizontal 0.051-m and 0.095-m 
pipelines. The mixer for the air and water at the inlet was a 
simple tee in which the liquid moved along the run. At gas 
superficial velocities (defined as the gas volumetric flow divided 
by the cross section of the empty pipe) below 3 m/s, the first 
slugs were observed to originate far downstream from the 
entry. The formation occurred so rapidly that the details could 
not be documented. With increasing liquid flow rate, the lo- 
cation of the transition was observed to move closer to the 
inlet. At large enough liquid flow rates, several slugs existed 
in the pipe at a given time and the slugs originated in the mixing 
section where the process could not be observed. At superficial 
gas velocities above 3 m/s, slugs were reported to form as the 
result of the coalescence of Kelvin-Helmholtz waves. 

This study uses both photographic and instrumental methods 
to obtain information about how slugs evolve. Results are given 
for air/water flow at atmospheric pressure in a 0.095-m hor- 
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izontal pipe at superficial gas velocities less than 10 m/s at 
different locations along the pipe. No attempt is made to de- 
velop a new correlation for the initiation of slugs. The work 
is a logical extension of previous studies of wave properties at 
a single location (Andritsos, 1986; Andritsos and Hanratty, 
1987a,b; Andritsos et al., 1989). 

A specially designed box entry with a converging outlet was 
fabricated from Plexiglas so that, at high liquid rates, the slugs 
formed within the pipeline and not in the mixer. The time- 
varying liquid height was measured at a number of locations 
that were chosen to capture the formation process. The wave 
pattern at liquid flow rates just below those required to initiate 
slugging and the details regarding the formation of slugs at 
the initiation condition were carefully documented. 

In the experiments, slugs were found to originate from reg- 
ular short-wavelength waves at superficial air velocities less 
than 3 m/s. Downstream, these disturbances evolved into 
larger-wavelength waves. These grow to a critical height at 
which they tumble or strike the top of the pipe to form a slug. 
At superficial velocities greater than 3 m/s, slugs were found 
to originate from capillary-gravity waves with a range of 
lengths, which would be predicted to be unstable by a linear 
Kelvin-Helmholtz analysis. These rapidly evolve into waves 
with lengths outside the range of linear instability. The growth 
of these waves to form a slug is enhanced by wave coalescence, 
such as observed by Lin and Hanratty. 

The Experiments 
The experiments were conducted in a horizontal pipe that 

had a diameter of 0.095 m and a length of 24 m. It was 
contained in a test facility described by Williams (1990). The 
tank used to contact the gas and liquid at the inlet had a size 
of 0.45 x 0.43 x 0.37 m. It was connected to the pipeline by 
a converging pipe with an angle of 5 degrees. This mixing 
section created less disturbances than a simple tee because of 
the liquid holdup in the box and because there was a favorable 
pressure gradient in the converging section. 

Three pairs of conductance probes and one pressure trans- 
ducer were located in the test section in Figure 1. Another pair 
was located 2.2 m downstream from the test section. The 
conductance probes, which were used to measure liquid height, 
consisted of a pair of platinum wires, 0.254 mm in diameter, 

conductance orobes I 

Figure 1. Test section. 
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that were strung across the pipe diameter. A piezoresistive 
pressure transducer, 4 mm in diameter, was mounted flush 
with the top wall. Electrical signals from the conductance probes 
and the pressure transducer were digitized at a rate of 400 
points per s. Details regarding the measurement techniques are 
given in other references (Lin and Hanratty, 1987b; Williams, 
1990). 

Different experiments were done, at the same gas and liquid 
flow rates, with the test section located at six positions along 
the pipeline. For each superficial gas velocity, results for three 
different superficial liquid velocities are reported. One was just 
below that required to initiate slugs. A second, which was just 
above the critical velocity, had a frequency of slugging so low 
that it was possible to obtain information about the wave 
pattern just before the appearance of a slug in the pipeline. A 
third was at a liquid velocity that was large enough that at 
least two slugs could appear in the pipeline at one time. 

Initiation of Slug Flow 
Visual observations 

Consider a fixed gas flow with u,,<3 m/s. At low liquid 
flows, the interface was observed to be smooth or ruffled with 
very small-wavelength capillary waves. With an increase in 
liquid flow, long-wavelength waves with small amplitudes ap- 
pear (of the type in Figure 2a) at a distance downstream from 
the entry of six pipe diameters. With further increase in liquid 
flow, short-wavelength waves are superimposed on the long- 
wavelength waves (see Figure 2b). These short-wavelength 
waves evolve into symmetric long-wavelength waves of the type 
in Figure 2c. These can grow in amplitude, as they propagate 
downstream and eventually reach a critical height at which 
they tumble to form the asymmetric waves in Figure 3. These 
breaking waves keep a constant height as they propagate down- 
st ream. 

At large enough liquid flow rates, the symmetric waves in 
Figure 2c assume large amplitudes. One of these waves can 
suddenly jump up to form a liquid bridge across the pipe. This 
bridge can collapse or grow in length to form a slug. Ir  it forms 
a slug, there is a sudden increase in the pressure and a calming 
of the liquid interface behind the slug. When the slug moves 
out the end of the pipe, one or more slugs form in the pipeline 
much closer to inlet. As these slugs propagate down the pipe, 
liquid in the stratified flow is swept up and the liquid level in 
the whole pipeline drops. This liquid is replenished, and, when 
the level builds up, the whole cycle is repeated. 

For a superficial gas velocity of 1 m/s, Figure 2, the first 
slug formed at the outlet. This suggests that, at this low gas 
velocity, there was an effect of fetch. Thus, slugs might have 
appeared at a lower liquid flow rate if the pipe were longer. 
For a superficial gas velocity of 2 m/s, the first slug is formed 
about 3 m away from the outlet so that the critical condition 
at 2 m/s is believed to be the same as would be observed in 
longer pipes. 

When the gas flow was high (u,> 3 m/s), small-amplitude 
large-wavelength waves of the type in Figure 2a could not be 
observed. For low usG, the liquid interface was smooth for low 
liquid flows. For usG> 8 m/s, however, waves were observed 
at the interface at all liquid heights. These waves develop and 
reach their maximum height much more rapidly than the waves 
observed at low gas velocities. They are the “large-amplitude 
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Figure 3. Breaking waves. 
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Figure 2. Wave pattern at different locations in the pipe- 
line. 
L I S  rhe distance from the inlet and D is the pipe diameter. 

* * * *  
I I I I I  I I I 

Kelvin-Helmholtz waves” described by Andritsos and Han- 
ratty (1987a). For large enough liquid flows (or liquid heights), 
the waves can coalesce to form a slug or a pseudoslug. This 
seems to be the principal mechanism for the formation of slugs 
at high gas flows, as pointed out by Lin and Hanratty (1987b). 
However, sometimes single waves are observed, at usG>3 
m/s, to grow and reach the top of the pipe. This occurrence 
is associated with the excessive aeration, so that the wave takes 
on a foamy appearance. 

Conditions for the initiation of slugs 
The conditions observed in these experiments for the initi- 

ation of slugging are presented in Figure 4 which gives the 
critical superficial liquid velocity as a function of the superficial 
gas velocity. (Slug flow exists above and stratified flow, below 
the points.) For comparison, results obtained by Lin and Han- 
ratty (1986) with a T-mixer at the inlet are also given. It is 
noted that for a given gas flow, a smaller liquid flow was 
required to initiate slugging in the experiments of Lin and 
Hanratty than in our experiments. 

Figure 5 shows average dimensionless liquid heights (along 
the centerline of the pipe) measured for water flows at tran- 
sition. At low gas flows (uSG = 1-3 m/s) and at low liquid flows, 
it is noted that XL/D varies, so that the actual gas velocity, 
uc=uSG(A/AG), and liquid velocity, i iL=uSL(A/AL),  are not 
constant along the pipeline. The liquid velocity for a given uSG 
and EL depends on hydraulic gradients, interfacial drag, and 
wall resistance. The latter is probably associated with the in- 
crease in height immediately downstream of the entrance. Dif- 
ferences associated with hydraulic gradients, as well as 
disturbances introduced at the entry, could account for the 
influence of the gas-liquid mixer. 

The transition results are plotted in Figure 6 as the dimen- 
sionless liquid height, xL/D,  at transition vs. the dimensionless 
superficial gas velocity, uSG/ ( g D )  and the dimensionless 
current - velocity, (iic-UL)/gD)1’2. Here, the average height, 
hL, is defined at the approximate location in the pipeline where 
slugs are initiated, and iiG, EL are the actual gas and liquid 
velocities. The value of (gD)”* for a 9.53-cm pipe is 0.97 
m/s. Consequently, the experiments for usG< 3 m/s corre- 
spond to current velocities (iiG-iiL) less than 5 m/s. These 
results agree with measurements with air-water at atmospheric 
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Figure 5. Time-average liquid heights along the pipeline. 

- pressure reported by Kordyban (1977). They give slightly lower 
hL/D for transition, but this is expected since the test section 
used by Kordyban could be too short to eliminate fetch effects. 

Figure 6 is presented to correlate the results obtained in this 
research and to compare them with previous work by Lin and 
Hanratty. It is not presented as a general prediction. For ex- 
ample, measurements with high-viscosity liquids (Andritsos et 
al., 1989) show transition lines which are displaced upward 
from the one in Figure 6 .  Studies at high pressure also give 
transition curves different from Figure 6 (Andritsos et al., 
1992; Hanratty, 1991). Somewhat better agreement for mod- 
erate changes in pressure would be obtained by multiplying 
the abscissa by a. However, as pointed out by Hanratty 
(1991), this might not be valid for very large gas densities, 
where a different mechanism could be operative. 

It is noted that the measurements of the critical EL/D in the 
experiments of Lin and Hanratty and the present experiments 
are much closer than the measurements of the superficial liquid 
velocities. A comparison of Figures 4 and 6 suggests that the 
differences in the critical usL are associated mainly with dif- 
ferences in the actual liquid velocity at transition. 
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Figure 6. Liquid heights measured at the transition from 

stratified flow to slug flow in a 9.53-cm pipe 
at atmospheric pressure. 
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Figure 7. Power spectra of a liquid flow close to tran- 
sition (usG = 1 .O mls). 
The dimensionless spectra density functions are multiplied by 10'. 
Wave spectra are on the left ordinate. Pressure spectra are on the 
right. 

As already pointed out by Lin and Hanratty, Figure 6 is a 
much better way of presenting the transition results from the 
viewpoint of theoretical interpretation. The dependency of the 
critical superficial liquid velocity on equipment design in Figure 
4 indicates that the critical h,/D is not very sensitive to changes 
in uSL for the conditions existing in these experiments. The 
conclusion drawn is that slight changes in the critical &/D 
caused by equipment design translates into large changes in 
the critical liquid flow rate. 

As discussed earlier, the details of what happens after the 
initiation of slugging depends on the outlet design, as well as 
on the inlet design. However, the same length of piping and 
the same type outlet were used in the present experiments and 
the experiments of Lin. Consequently, observed differences 
are probably associated with changes in the inlet design. The 
outlet design can influence hydraulic gradients in the pipeline, 
but a more important effect would be the pipe length. If a 
much longer pipe were used, the distance from the initiation 
point and the discharge point would be larger so that, when 
the slug discharges from the pipe, the liquid in the initiation 
region would build to larger heights than were observed in this 
research. The critical conditions in Figure 6 are for short enough 
pipelines that the slug discharge from the outlet is not affecting 
the initiation of the slugging cycle described earlier. 

Wave properties prior to slug initiation for uSG c 3 m/s 
Measurements of dimensionless wave spectra at a liquid flow 
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Figure 8. Power spectra of a liquid flow close to tran- 
sition 2.0 mls). 
The spectral density functions are multiplied by lo6. Wave spectra 
are on the left ordinate. Pressure spectra are on the right. 

rate just below that required to initiate slugs are given in Figures 
7-9. The total dimensionless energies associated with these 
spectra are given in Figure 10. Unless otherwise designated, 
all of the variables are made dimensionless with the pipe di- 
ameter, D, and the acceleration of gravity, g. Thus, the fre- 
quency, f ,  in these plots has been made dimensionless with 

Figure 7 gives the spectral density function of the liquid 
height for usc = 0.95-1.1 m/s. The measurements at L = 3.36 
m and at L = 7.02 m would correspond to conditions between 
those depicted in Figures 2a and 2b. A principal peak occurs 
at a low dimensionless frequency of about f = 0.06 (0.6 cps) 
and a secondary peak at f = 0.12 (1.2 cps). These correspond 
to the long-wavelength wave in Figure 3a. Two peaks at f = 0.12 
and f = 0.25 are also observed in the spectral density function 
for the pressure fluctuations. The measurement of the wave 
spectrum in Figure 7c corresponds roughly to the wave pattern 
in Figure 2b. The peaks at f = 0.06 and f = 0.12 are still evident, 
but a peak with a large amount of energy appears at f = 1.2 
(12 cps). This corresponds to the short-wavelength waves in 
Figure 2b. A peak with much smaller energy is also observed 
at f = 0.5 (5 cps) for L = 10.10 m. It is noted that this peak 
grows with distance downstream and that the higher frequency 
peak shifts from f = 1.2 to f = 1 .O. At L = 20.78 m, the f = 0.5 
wave is dominant. It appears that this wave can be sustained 
from energy fed by the air flow to the liquid. In a long enough 
pipe, it could grow until it breaks or reaches the top of the 
pipe. 

( 201 10 I I 

40 501 L=14.42 m 
(e' 1 

f 
Figure 9. Power spectra for waves at a liquid flow close 

to the transition (use= 3.0 mls). 
The spectral density functions are multiplied by 10'. 

Wave height spectra for uSG = 2 m/s and 3 m/s in Figures 8 
and 9 show qualitatively the same behavior as for 1 m/s in 
that the wave pattern that evolves downstream is characterized 
by two spectral peaks at f = O . 5  and f= 1.0. These data show 
that high-frequency waves develop closer to the inlet for the 
higher gas velocities. The peak close to f = 1 .O appears first. 
This suggests that these waves are generated directly by the air 
flow and that the f = 0.5 waves evolve from them. For usc = 2 
m/s, between L =  13.76 m and L =  17.42 m, there is a large 
transfer of energy from the f = 1 wave to low-frequency waves 
in the range of f=O to 0.5 and a slight decrease in the total 
power. Between L =  17.42 m and L = 20.78 m a wave with 
f = 0.5 emerges, and there is a slight increase in the total power. 

1 OOk I I '  I '  I I I I 

1 

11 I ,  I I I I 
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Distance from Entrance (m) 
Figure 10. Total power of the wave spectra. 
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Figure 11. Cross correlations of wave displacement. 

The increase in the energy of the f = 1 wave between L = 17.42 
m and L = 20.78 m could be associated with a transfer of energy 
from the air flow to this wave and/or a transfer of energy 
from the f = 0.5 wave. For usc= 3 m/s, a broad spectrum of 
high-frequency waves develops close to the entry ( L  = 3.36 m). 
This narrows down to a spectrum with a relatively sharp peak 
at f = 1.0. At L = 13.76 cm, a peak at f = 0.5 is seen to develop. 
For this particular velocity, the liquid height is smaller than 
for uSG= 1.0 and 2.0 m/s. It is well known (Cohen and Han- 
ratty, 1965) that if the ratio of A/%, is large enough, viscous 
dissipation is greatly enhanced. Consequently, the decrease in 
the height of the f = 0.5 peak between L = 17.42 m and L = 20.78 
m can be explained if viscous dissipation is large enough that 
a f = O S  wave cannot be sustained by the air flow. This be- 
havior is also illustrated in Figure 10, which shows that the 
total power of the wave decreases significantly between 
L =  17.42 m and L=20.78 m for usG=3 m/s. 

The characteristics of wave bifurcation are that the wave- 
length doubles, the wave frequency halves, and the wave ve- 
locity is constant. Cross correlation functions of liquid height 
fluctuations, obtained with two liquid height probes separated 
by a distance of 6.2 cm, are shown in Figure 11 for a superficial 
gas velocity of 1 m/s. Figure 1 l b  at L = 20.79 m, corresponds 
to the spectrum in Figure 7f, which suggests a wave pattern 
dominated by a wave with f = O S  (5.0 cps). The cross corre- 
lation is consistent with this in that it shows peaks and troughs 
separated by dimensionless time delays at At = 2. The first peak 
occurs at a dimensionless time delay of At=0 .75 .  This gives 
a dimensionless wave velocity [C/(gD)l’2] of 0.87 (0.81 m/s) 
and a dimensionless wavelength X/D= 1.74 (17 cm), since 
X=C/f. The cross correlation at L =  10.10 m in Figure l l a  
corresponds to the spectrum in Figure 7c, which is dominated 
by waves with a dimensionless frequency of 1 . 1 .  It  is noted 
that the peaks and troughs in the cross correlation are separated 
by At = I ,  corresponding to the smaller-frequency wave. From 
the first peak, a dimensionless wave velocity of 0.87 (0.81 
m/s) and a dimensionless wavelength of X/D=O.87 (8.5 cm) 
are obtained. 

Table 1 summarizes wave properties measured in this way 
for usG/( go) = 1 ,  2, 3 .  The dimensionless wave velocities of 
the two wave components are given in terms of (C- is,) rather 
than of C. The measured wavelengths, equal to C/f ,  are given 
in the 7th and 8th columns, where f was obtained from the 
spectral measurements. Wave velocities calculated from these 
two measured wavelengths with linear theory for a two-di- 
mensional flow are given in columns 9 and 10. To apply linear 
theory to a pipe flow, the effective heights of the liquid and 
gas were taken as A,/& and AG/Si, where A, and AG are the 
areas of the liquid and gas, and S, is the length of the interface. 
I t  is noted that the measured wave velocity (column 6) is ap- 
proximately equal to the wave velocity calculated from linear 
theory for the large-wavelength wave, but is significantly larger 
than the calculation for the small-wavelength wave. The dif- 
ference between the measured wave velocity for the XI waves 
and the wave velocity calculated by linear theory indicates that 
the bifurcation follows a nonlinear mechanism, as will be dis- 
cussed later. 

Of particular interest is the observation that the wave which 
is the precursor of the formation of a slug has the same wave- 
length (8.5 cm), wave velocity and frequency over the range 
of gas velocities studied, uSG = 1-3 m/s. This suggests that these 
wave characteristics scale with D and (gD)”’ for horizontal 
air-water flows. Experiments in a pipe with a different diameter 
would be most useful. 

Wave properties prior to slug formation for usG>3 
m /s 

Wave spectra for usG>3 m/s are shown in Figures 12 and 
13. Median frequencies characterizing these spectra are given 

Table 1. Wave Properties for usG I 3 m/s 

1 .o 0.29 4.4 0.38 0.69 0.49 0.89 1.78 0.40 0.52 
2.0 0.21 4.8 0.40 0.52 0.48 0.88 1.76 0.39 0.50 
3.0 0.17 5.0 0.42 0.42 0.49 0.90 1.81 0.38 0.49 
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Figure 12. Power spectra of waves for uSG=4.O mls. 

The dimensionless spectral density function on the ordinates is 
multiplied by lo6. 

in Figure 14. Typical wave patterns are presented in Figures 
15, 16 and 17. 

Figure 12 shows results for us,=4 m/s. Close to the inlet 
( L  = 3.36 m), a peak at f = 1.2 is observed, but the dominant 
feature is a broad spectrum of low-frequency, long-wavelength 
waves. 

For Lr7.02 ,  a peak occurs at fn0.2 to 0.4. As seen from 
the tracing in Figure 15, this represents groups of short-wave- 
length waves. The tracing at L = 13.76 m (Figure 16) shows 
these groups of waves to evolve into a pattern of large-am- 
plitude roll waves similar to what was observed in a rectangular 
channel by Hanratty and Engen (1957). 

It is noted also from the spectra that a very long-wavelength 
wave c f = O )  starts to develop for ,527.02 m. There are hints 
of this in the tracings at L = 7.02 m and at L = 20.79 m (Figure 
17). Longer time records, however, clearly show a modulation 
of the wave pattern with a very low-frequency disturbance. 

Spectra for usG=6 m/s are given in Figure 13. These show 
the same behavior as for us,=4 m/s, except that the peak at 
f = 1.2 is not evident at L = 3.36 and the wave frequencies are 
higher. 

Slug Flow Close to Transition for uSGs3 mls 
This section focuses on the initiation of slugs at liquid flows 

slightly above the critical values shown in Figures 4 and 8 at 
us,53 m/s. Its purpose is to provide a better understanding 
of the evolution of slugs from an unstable wave pattern. The 
experiments were performed by adjusting the liquid flow rate 
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Figure 13. Power spectra of waves of use= 6.0 mls. 
The dimensionless spectral density functions on the ordinates 
are multiplied by lo6. 

so that slug formation would occur close to the location of 
the test section in Figure 1. When the superficial gas velocity 
is kept constant, at a value less than or equal to 3 m/s, slugs 
first appear close to the outlet of the pipeline. With further 
increases in liquid flow, the frequency of slugging increases 
and the position at which slugs are initiated moves toward the 
entrance of the pipeline. 

When the liquid flow rate is at or slightly above the critical 

- 
-a- uSG = 4.0 m/s 
-+- uSG = 6.0 m/s- 

- 
- 
- 

0 5 10 15 20 25 
Distance from entrance(m) 

Figure 14. Change of the median frequency of the waves 
with distance from the entrance. 
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Figure 15. Wave displacement for uSG = 4.0 mls, L = 7.02 
m. 

value, only one slug will exist in the pipeline and the wave 
structure in front of this slug is the same as described later. 
Figure 18 shows liquid holdup, h,/D, as a function of time 
measured at  L = 4.5 m for uSc = 1.48 m/s and uSL = 0.33 m/s. 
The liquid slug in this figure has a velocity of 2.19 m/s and a 
length of 0.46 m. Because of aeration, the holdup hL/D is not 
equal to  unity. The liquid height of h,/D=0.58 represents, 
approximately, the stratified flow that existed when the slug 
was initiated. As the slug propagates downstream, it picks up 
liquid at its front and sheds it at a lower rate a t  its rear. The 
slug thus is growing in size. 

A spectrum obtained by taking a Fourier transform of the 
liquid height fluctuations before the arrival of the slug shows 
two peaks. One is at a dimensionless frequency o f f =  1 .O and 
the other is at f = 0.6. There is also another peak at very low 
frequency, f = 0. There is a similarity with the spectra in Figure 
7 for L = 10.10 cm and L = 13.76 m when the superficial gas 
velocity is around 1.0 m/s. 

When the slug in Figure 18 moved out of the system, the 
liquid in the pipeline was at a reduced level. It had to  build 
up to  a critical value before another slug appeared. This process 
was documented rather carefully for a usG=2.34 m/s and 
u,,=O.251 m/s. Figure 4 shows that this is a t  a liquid flow 
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Figure 16. Wave displacement for uSG= 4.0 mls, L = 13.76 
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Figure 17. Wave displacement for uSG = 4.0 mls, L = 20.79 
m. 

which is significantly higher than the critical. As a consequence, 
slugs were initiated in the pipeline at L < 3 . 5  m, as well as 
downstream. 

Figure 19 shows a tracing of the liquid level at L = 3 .5  m. 
The slug in the figure is moving at  a velocity of 2.9 m/s and 
has a length of 0.44 m. It is noted that the height of the stratified 
flow on which the slug was initiated is roughly equal to the 
critical height h,/D= 0.48 in Figure 6; it is not the height that 
a stratified flow would reach at  this gas and liquid flow under 
equilibrium conditions. An examination of the liquid level over 
a period of time showed an increase from the height of h,+/D 
= 0.14 to the height of 0.48. Initially, the interface is relatively 
smooth. As the liquid level builds up, small-wavelength waves 
appear. Sometime later, these waves suddenly disappear over 
the whole length of the pipe. This observation coincided with 
a sudden increase in the gas-phase pressure and the appearance 
of a slug downstream. This calming could be associated with 
a sudden transient decrease in the gas velocity, caused by the 
blocking of the pipe cross section by the slug. Several seconds 
later, waves with a length of 4 to  7 cm suddenly appeared. 
This is coincident with the exiting of the slug from the pipe 
and a sudden decrease in pressure. It is presumed that waves 
appear because of a sudden transient increase in the gas ve- 
locity. The tracing in Figure 19 shows a calm surface followed 
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Figure 18. A slug initiated 17 m away from the entrance 

(us0 = 1.3 mls). 
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Figure 19. A slug initiated 3.5 m from the entrance at 
uSc = 2.34 mls. 

by relatively large-amplitude waves. A frequency spectrum 
obtained by doing a Fourier transform of the wave record in 
front of the slug in Figure 19 for t from 107 to 109 s shows 
peaks at f = 1 and at f -0 .5 .  

Discussion of Results for uSG53 mls 
The results for uses 3 m/s clearly show the appearance of 

a long-wavelength instability close to the pipe entry for su- 
perficial liquid velocities just below those in Figure 4. These 
waves are quite likely the result of the long-wavelength Kelvin- 
Helmholtz instability described by Lin and Hanratty (1987) 
and Wu et al. (1987); they have the possibility of developing 
into a slug. However, for the experiments described here, 
smaller-wavelength gravity waves also appear, and these dom- 
inate the interfacial pattern. The dominant small-wavelength 
wave that emerges close to the entrance has the possibilities 
that it grows to a large enough height that it tumbles, that it 
reaches the top wall or that it passes energy to other wave 
harmonics. In all the cases studied, the height of this wave 
was limited because it passed energy to a wave with twice its 
wavelength. 

The process for this doubling in wavelength appears to be 
qualitatively the same as the bifurcation discussed by Chen 
and Saffman (1979, 1980). This theory considers two waves 
with wavelengths of XI and X2=2XI, which are predicted to 
have different wave velocities by linear theory. Because of the 
influence of wave height, these two waves can assume the same 
velocity so that a resonant interaction and, therefore, a rapid 
transfer of energy is possible. Table 1 shows this behavior. 
The wave velocity of the finite amplitudef= 1.0 wave is larger 
than predicted by linear theory and approximately equal the 
wave velocity for a f = 0.5 wave predicted by linear theory. 

The growth of the X, wave can be limited either because it 
decays as a result of viscous effects or it reaches a maximum 
height at which it tumbles or breaks. An enhanced dissipation 
of the X2 wave can occur since the ratio of could be large 
enough that the solid boundaries greatly increase the dissi- 
pation of wave energy (Cohen and Hanratty, 1965; Hanratty, 
1983). Thus, in the case considered in Figure 7 for %,/D= 0.69, 
usG = 1 .O m/s, the dimensionless wave number corresponding 
to h2 is 2u%,/X2a2.4,  and the X2 wave continues to grow. 
However, Figure 9 presents results with 0.42, usG = 3 
m/s for which 27r%,/h2n1.5. Here, it appears that viscous 
dissipation limits growth of the X2 wave. 

Some understanding of the possibility for the A, wave to 
grow until it reaches a limiting height can be obtained by 
considering results of Banner and Phillips (1974). They suggest 
that wave breaking occurs when the velocity of the liquid at 
the crest (or very close to it) is equal to the wave velocity. This 
notion is applied here to stratified flow in a pipeline. Only the 
bifurcated long wave is considered. The amplitude of short 
waves, which override the long wave, should be very small due 
to drift effects (Phillips and Banner, 1974). The analysis is 
carried out in a reference frame moving at the phase speed C. 

The use of the Bernoulli equation at the crest and at the 
average height of the liquid gives: 

where qc is the displacement of the wave crest, P,LI  and P,LT 
are the pressures at the liquid surface, and u , ~ ]  and u , , ~ ~  are 
the velocities of liquid particles in the wave surface at the 
average height, point 1, and at the crest, point C. For surface 
waves without liquid current, Lamb (1953) has proven that the 
orbital velocities of liquid particles on the surface at the average 
liquid height are zero. In a similar way, it can also be proven 
in the czse discussed here that the orbital velocity of liquid 
particles at the average height is equal to the liquid current 
velocity, EL.  Furthermore, from the agruments of Banner and 
Phillips, the velocity u,Lca C when the waves start to break. 
Therefore, the maximum liquid displacement, qv is approxi- 
mated as: 

At the wave surface, PiL =Pic  since capillarity is not important. 
The pressure change in Eqs. 1 and 2 can, therefore, be obtained 
from an analysis of the gas phase. 

Assume a two-dimensional ideal flow for the gas phase, so 
that the potential function and the stream function can be 
approximated by the following equations for symmetric waves 
in a frame of reference moving with velocity C: 

@ -- - - x - y  cosh k ( & - y )  sin ( k x + t ) ,  (3) U,-C 

-- - - y + y  sinh k (&- -y )  cos ( k x + t )  (4) 

where y is a constant, is the phase, x, is the average height 
of the gas space, and Ec is the average gas velocity. At the 
wave surface, 

* 
Uc-C 

= 0. Therefore, the wave profile is: 

q = y  sinh k(%,-q) cos (kx+E), ( 5 )  

where 5 is taken as - u / 2 .  
The pressure in the gas phase is then given as: 

Pc 

From Eq. 3, 
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(E,-C)ky sinh k ( h , - y )  sin 
a+ 
aY 
-= 

At position 1 on the wave surface, kx=O and y=O so that: 

(g) , = - (TiG- C ) k y  sinh k(hG) ,  

At position C (the wave crest), kx= ?r/2 and y = qc: 

r$)c= -(E,-C)[l+ykcosh k ( h G - v C ) ] ,  

Constant y can be expressed in terms of the wave height, qc, 
as: 

(13) BC 

sinh k ( hG - qc)  
Y= 

By substituting Eqs. 9, 10, 11, 12 and 13 into Eq. 6, the pressure 
change in the gas phase on wave surface from position 1 to C 
is obtained as: 

pG1-pGc - ”‘ +qck coth k(h , -qc )  
pG(i&-C)’- (EG-C)’  

(14) 
1 1 sinh’ kh, 
2 2 sinh’ k (h, - qc)  

+- k2& COth’ k(h , -qC)  -- k’& 

By substituting Eq. 14 into Eq. 2, an equation for the max- 
imum wave height is obtained: 

1 
2 

+- (kgnn)’ coth’k(h,-B,) 

+- (C-E,)’ (15) I ’  1 sinh’ kh, 
-j ( k V M ) ’  

sinh2 k ( h, - qw) 2g 

The analysis for Pc given above is similar to what was pre- 
sented by Kordyban and Ranov (1970) and by Mishima and 
Ishii (1980). It is approximate since the waveform assumed 
does not allow for the pressure condition to be satisfied along 
the whole interface and the system considered is two-dimen- 
sional. Its application to a pipe flow is implemented by taking 
hL as equal to AL/Si, where AL is the area of the liquid and Si 
is the length of the interface. 

- - -  

0.31 I I I I I I 

Figure 20. 
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c - iiL 

w 
Maximum heights with lower branch (1) and 
upper branch (2), calculated for uSG = 2.0 
mls, S,/D= 0.5. 
Curve 3 are wave velocities calculated by theory from Kordyban 
and Ranov for the same conditions. 

Figure 20 presents a plot of Eq. 15 for ~ ~ ~ / ( g D ) ~ ’ ’ = 2 . 0 ,  
2?rD/X = 2?r/l.74, and hL/D= 0.50. The wave height, q ,  is made 
dimensionless with respect to D and the wave velocity, relative 
to (gD)”’. The two branches of the solution of Eq. 15 are 
designated by curves 1 and 2. The relative gas velocity, (TiG - C), 
is increasing as one proceeds along the lower branch on to the 
upper branch. The lower branch for very small (C-TiL) is 
approximated by the result for zero @, - C), 

In this range, the destabilizing effect of inertia [(C-EL)’] is 
counterbalanced by the stabilizing effect of gravity [8qw]. As 
the wave height increases, the gas velocity above the crest 
increases and the pressure in the gas decreases to provide an 
additional destabilizing effect. Consequently, a smaller (C- EL)  
than indicated by Eq. 16 is needed. The influence of gas-phase 
pressure variations become more important along the upper 
branch and (C- EL) = 0 represents a static instability for which 
gas-phase suction at the crest equals the restoring force of 
gravity. 

Figure 20 shows two possibilities for the limiting height of 
a growing wave. The wave is assumed to break, if the height, 
as it increases, follows a trajectory that intersects the bottom 
branch. However, if the trajectory bypasses curves 1 and 2, 
the wave has the possibility of increasing until a Kelvin-Helm- 
holtz instability causes it to jump suddenly to hit the top wall. 

Curve 3 in Figure 20 shows wave velocities as a function of 
wave height, calculated with the approximate relation devel- 
oped by Kordyban and Ranov, using the same conditions for 
which curves 1 and 2 were calculated. It is noted that for this 
case the limiting wave height would never be reached so the 
liquid would be predicted to reach the top wall, if viscous 
dissipation were small enough to allow the wave to grow. It 
is of interest to note the conditions used to calculate this curve 
are close to ones for which slug formation was observed. 
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Figure 21. Influence of the average liquid height on the 

maximum wave height calculated at uSG = 2.0 
mls. 

The calculated curves in Figure 20 are very sensitive to 
changes in zL/D and uSc but are not too sensitive to the choice 
of wave number (at least in the range characterizing the longer 
waves observed in the experiments). Figure 21 shows the effect 
of small changes of z L / D  on the calculated maximum wave 
height, for a superficial gas velocity of 2.0 m/s and a dimen- 
sionless wave number of 27r/l.74. These calculations suggest 
that a small change in the height of the liquid can open the 
possibility of a wave growing to a height such that a nonlinear 
Kelvin-Helmholtz instability forms a slug. Figure 21 suggests 
that, at usG = 2.0 m/s, slugs could be formed from the observed 
long-wavelength waves at EL/Dz 0.48. However, this will oc- 
cur only if viscous dissipation is not larger than energy supplied 
to the waves by the gas phase and if the pipe is long enough 
for the wave to grow to its full height. Considering these factors 
and - the roughness of the calculations, the estimate of a critical 
- hL/D is in satisfactory agreement with the measured value of 
hL/Dz0.52 in Figure 6. 

Observations of the formation of slugs, as captured on video- 
tape, for uSc I 3 m/s are also consistent with the analysis given 
above. Here, it is found that after the waves reach a certain 
height the liquid around the crest of the wave will suddenly 
decrease in velocity (or even appear to freeze) and jump ver- 
tically upward. 

The calculations are presented mainly to support the inter- 
pretation of the results. They are not a complete theory in that 
they do not predict the initial wave that appears nor do they 
take account of viscous damping. 

Discussion of Results for uSG>3 mls 
The final stage in slug formation described previously is a 

nonlinear Kelvin-Helmholtz instability, in that the wave has 
to reach a certain height before the destabilizing effects of gas- 
phase pressure variations dominate. For large uSG (say 
u,,>about 4 m/s), the stratified flow shows a linear Kelvin- 
Helmholtz instability. The properties of the waves formed by 
this instability on thin liquid layers have already been carefully 
documented by Andritsos and Hanratty (1987a), who showed 
that they are associated with large increases in the interfacial 

AIChE Journal November 1993 

stress. Similar wave structures were observed in this study, for 
usc=4 m/s and usc=6 m/s at liquid heights close to what is 
required for the initiation of slugging. 

It is noted in both of these experiments (Figures 12 and 13) 
that, at a short distance (for example, L = 7.02 m) from the 
entry, the wave spectra are characterized by a peak with a 
dimensionless frequency of 0.2 and a median dimensionless 
frequency of 0.35 to 0.45. Small-amplitude waves with this 
frequency would be outside the range where they would be 
destabilized by gas-phase pressure variations in phase with the 
wave height. Consequently, the picture presented is that cap- 
illary-gravity waves generated by a Kelvin Helmholtz instability 
rapidly evolve into long-wavelength waves that are not KH- 
unstable and that are sustained by energy fed by the gas. The 
triggering process by which these waves evolve into slugs is 
not completely understood. 

Concluding Remarks 
Scope 

This article describes wave pattern changes along a hori- 
zontal 9.53-cm pipe through which air and water flow. The 
focus is to provide an understanding of how slugs evolve. The 
chief impacts are to predict the initiation of slugging and the 
frequency of slugging. 

Four mechanisms have been identified for the initiation of 
slugging: ( 1 )  the direct growth of slugs on an interface, by a 
Kelvin-Helmholtz mechanism, from linearly unstable long- 
wavelength disturbances; (2) the evolution of slugs from finite- 
amplitude waves with wavelengths in a range that would be 
predicted to be stable by a linear Kelvin-Helmholtz analysis; 
(3) the evolution of slugs through the coalescence of waves; 
(4) the initiation of slugs through large hydrodynamic dis- 
turbances at the inlet. In addition, the flow must meet necessary 
conditions for the existence of stable slugs (Ruder et al., 1989). 
Any of these (and, perhaps, others still to be discovered) can 
provide the basis for predicting critical conditions. Because of 
this complexity and the limited range of variables studied, no 
attempt is made here to develop general stability correlations. 
Instead, the focus is on mechanism. 

Initiation of slugs at use I 3 m/s  
At u,53 m/s, slugs appeared at values of %, in agreement 

with the viscous long-wavelength linear Kelvin-Helmholtz sta- 
bility analysis. Surprisingly, however, transition was observed 
to occur by a different mechanism than this analysis suggests. 
The slugs did not evolve directly from very long-wavelength 
waves. Rather, they evolved indirectly from short-wavelength 
gravity waves (approximately 8.5 cm). These waves double in 
wavelength as they propagate downstream. This result agrees 
with a theory by Chen and Saffman (1979, 1980) and is the 
first observation of bifurcation in pipeline flows. The growth 
in amplitude of XI z 8.5 cm waves, as they propagate down- 
stream, is accompanied by an increase in wave velocity. Even- 
tually, these waves reach a velocity equal to that for a small- 
amplitude X2=2XI wave. This opens the possibility of a res- 
onant interaction and a rapid transfer of energy from the XI 
wave to a h2 = 2XI wave. At small EL,  the X2 waves can decay 
or they can grow until they reach a maximum height at which 
they tumble. At large enough EL, these waves can grow to large 

Vol. 39, No. 11 1751 



enough heights (before they tumble) so that a nonlinear Kelvin- 
Helmholtz instability is possible. This leads to the formation 
of a slug that will grow if the liquid layer in front of the slug 
exceeds that defined by the necessary conditions for the ex- 
istence of a slug. 

The same phenomena and the same unstable wavelengths 
(8.5 and 17 cm) were also observed for usG= 1, 2 and 3 m/s. 
This suggests a characteristic length and velocity for these 
experiments of D and (gD)”’. 

An analysis of the initiation of slugs by the process will need 
to predict the initial wave that appears close to the inlet and 
whether the liquid height is large enough for this wave to evolve 
into a slug. The initial waves (at u s G s  3 m/s) are generated by 
a Jeffreys mechanism (Hanratty, 1983, 1991) whereby gas- 
phase pressure variations in phase with the wave slope feed 
energy to a wave at a rate which exceeds viscous dissipation. 
A plausible assumption is that the observed dominant wave is 
the fastest growing wave. A study of Jeffrey waves in confined 
spaces has been presented by Cohen and Hanratty (1965). They 
show that the appearance of very long-wavelength waves is not 
possible because of strong viscous dissipation of boundary 
layers at the wall and that the appearance of very short-wave- 
length waves is inhibited by a viscous boundary layer at the 
interface. As a consequence, the wavelength, A , ,  of the fastest 
growing wave scales with hL (from Cohen and Hanratty roughly 
X=2hL). These XI  waves can grow until they saturate, by tum- 
bling and by passing energy to waves with other harmonics, 
or they strike the top wall. The calculation of the correct 
outcome requires a complicated nonlinear analysis, which needs 
experimental guidance. 

This study shows, for conditions close to those required for 
initiation of slugs, that the XI  waves double in wavelength and 
that the nonlinear analysis ought to focus on the waves that 
result from this bifurcation. These X2 waves receive energy 
from the A, waves and directly from the air flow through the 
Jeffreys mechanism. The X2 waves can be more dissipative than 
the XI  waves, since A/%, is twice as large. Consequently, a first 
consideration is whether X2 waves can be sustained completely 
by energy fed from the gas flow. 

If  this is the case, then the very rough calculations could 
present some guidelines. These use the suggestion by Banner 
and Phillips that waves reach a limiting height when the liquid 
velocity at the interface becomes equal to the wave velocity. 
They produce the interesting result that (C- U L )  needs to be 
below a certain value for the wave to reach a limiting height. 
For small XL/D, this criterion is satisfied. However, if X,/D 
is large enough, (c-EL) will have values such that a growing 
wave never reaches a limiting height. The final outcome for 
these latter waves is that the gas velocity at the crest reaches 
high enough values that a Bernoulli effect causes the wave to 
strike the top wall. 

Initiation of slugs at uSc > 4 m/s  
An analysis of the evolution of slugs for usG> 4 m/s appears 

more difficult than that for lower gas velocities. As already 
pointed out, small-wavelength capillary-gravity waves formed 
at the inlet rapidly evolve into longer-wavelength irregular 
waves that have reached their limiting height. 

It seems plausible that for very high hL/D, these gravity 
waves could grow until they reach the top wall, as is suggested 
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by the experiments by Andritsos et al. for low air flows over 
viscous liquids. This is not the case for low h,./D, where the 
waves are observed to reach a limiting height. Consequently, 
it is surprising that slugs can be formed under such conditions. 

These irregular waves, however, have a range of velocities 
so that they can overtake one another. Lin and Hanratty (1986, 
1987a), Andritsos et al. (1989), and this study all show that 
this coalescence of waves can precipitate the formation of slugs 
at some critical h,/D. In fact, this seems to be the dominant 
mechanism for viscous liquids at low XL/D and for water at 
high gas velocities. 

A theoretical basis for predicting this critical XL/D is not 
known. One possibility is that the coalescence creates larger- 
amplitude waves with a larger velocity; this wave could reach 
the top wall by a process similar to that described for the X2 
waves at uSG<3 m/s. However, an important consideration is 
whether the environment around this coalesced wave satisfies 
conditions necessary to sustain a slug. 

Frequency of slugging 
If the liquid flow rate and the pipe length are large enough 

that several slugs exist in the pipeline at any time, the processes 
described for the initiation of slugging move closer to the inlet. 

The formation of a slug under these conditions is followed 
by a drop of the liquid level. Another stable slug cannot form 
until the liquid level builds up to a sufficient height for the 
initiation process to occur and for the slug to maintain itself 
as it propagates downstream. The latter height is dictated by 
necessary conditions for the existence of slugs (Ruder et al., 
1989) and is smaller than the height required to initiate slugs. 
The prediction of liquid buildup is complicated, because it 
occurs by the propagation of large-amplitude waves and un- 
stable slugs, as well as by hydraulic gradients. Other compli- 
cations are the possibility of the continuous decay and 
formation of slugs throughout a pipeline, particularly at usG z 4 
m/s, and the uncertainty regarding the role of pressure (or 
flow) pulsations caused by the discharge of a slug from the 
outlet of the pipe. 

It is clear that any analysis which uses insights from the 
mechanism of slug formation to predict slug frequency must 
be accompanied by careful and detailed experimentation. 
Nevertheless, our results can be used to evaluate analyses pres- 
ently available in the literature. Taitel and Dukler (1977) ex- 
plored the notion that slug frequency is determined by the time 
for the liquid at the inlet to build up from the level required 
to initiate slugs (Figure 6 )  to the equilibrium level that would 
exist for a stratified flow at the prevailing gas and liquid flow 
rates. Our study suggests that a better choice would be a buildup 
from a very small liquid level to the level required to initiate 
slugs. Likewise, the suggestion by Traconic (1990) that the slug 
frequency is one-half the frequency of unstable waves does not 
seem consistent with our results. 
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