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Summary

Very long slugs reaching several hundreds of pipe diameters may
appear when transporting gas and liquid in horizontal pipes. Such
slugs may cause serious operational and system failures. One
could avoid the long slugs by pulsating the gas phase at the inlet
at a specific range of frequencies. The present paper provides a
simplified mathematical expression for the optimum gas-pulsation
frequency. Predictions of the pulsation frequency for different
flow conditions and pipe diameters are presented. Comparisons
with available experiments are satisfactory.

Introduction

The concurrent flow of gas and liquid in horizontal or slightly
inclined pipes may result in various flow patterns. A slug-flow
pattern is characterized by plugs of liquid moving along the pipe-
line, separated by elongated bubbles moving along the top of the
pipe. Very long slugs with sizes reaching several hundreds of pipe
diameters may form when the pipeline is operated at a relatively
low pressure and low gas- and liquid-flow rates (Kadri et al.
2009b). Such long slugs can cause serious operational failures
because of the strong fluctuations in flow supply and pressure,
which may exceed the capacity of the downstream facilities (e.g.,
separator or slug catcher). Therefore, there is a large need to reduce
the size of the long liquid slugs.

Subregimes in the Slug-Flow-Regime Map. Three different
subregimes are distinguished in the long-slug regime (Kadri et al.
2009b): (a) short slugs, known as hydrodynamic; (b) long, stable
(fully developed) slugs that have reached their final length; and
(c) long, growing slugs. The long slugs appear at low gas-flow
rates, in which the flow development is slow and the differences
in liquid level between the front and the tail of a developing slug
are large. Very long slugs reaching 500 pipe diameters were
observed in a 137-m-long gas/liquid horizontal-pipe flow loop
with an internal diameter of 0.052 m (Zoeteweij 2007; Kadri et al.
2009b). The three slug types are strongly related to the Froude
number of the liquid phase defined by Fr ¼ u=

ffiffiffiffiffi
gh
p

, where u is
the actual liquid velocity, g is the acceleration caused by gravity,
and h is the liquid height (Woods and Hanratty 1999). Experi-
ments carried out in a 23-m-long horizontal flow loop with a
0.0763-m internal diameter show that short slugs form upstream,
at Fr> 1, as a result of disturbances close to the inlet, whereas
long slugs evolve, at Fr< 1, from long-wavelength waves down-
stream (Woods and Hanratty 1999).

Effect of Gas Pulsation on Slug Length. The flow evolution and
final slug length are strongly affected by the inlet configuration,
and, in particular, by the form in which the gas phase enters the
pipeline (Kristiansen 2004; Zoeteweij 2007; Kadri et al. 2009a, b,
2010, 2011). A methodology to reduce the slug length was pro-
posed by Kadri et al. (2011), who investigated the effect of gas
pulsation, at the inlet, on the length and frequency of long liquid
slugs that develop downstream in the pipeline. In their experi-

ments, Kadri et al. (2011) used periodic square wave pulsations
(i.e., equal time intervals of gas and no gas) at frequencies
between 0.2 and 90 Hz. The application of gas pulsation at the
inlet of the pipeline has a significant effect on the length and fre-
quency of slugs that develop downstream in the pipeline—at rela-
tively low gas-pulsation frequency fp, there is an effective region
at which the slug length is relatively short and the slug frequency
is relatively high (Kadri et al. 2011). Operating within the effective
region, one can reduce the slug length 5 to 8 times (Kadri et al.
2011). A sketch of the inlet configuration is given in Fig. 1a: The
liquid phase enters horizontally, whereas gas is pulsated at an
angle a¼ 45� from the horizontal; the flow direction is from left
to right; and an electromagnetic valve is used to control the gas-
pulsation frequency. Note that to ensure the accuracy of measure-
ments, a standard two-way Sperry Vickers electromagnetic sole-
noid valve was used. It generates a periodic constant square wave
for the gas-flow rate, with a tolerance of less than 1%. The air is
injected from a compressor with a pressurized tank that ensures a
constant mass flow rate in each measurement when time averaged
during the period of the pulsation (i.e., this holds regardless of
possible pressure fluctuations at the inlet). The current paper pro-
vides a mathematical expression for the optimum gas-pulsation
frequency fp as a function of the gas- and liquid-flow rates and
pipe diameter.

Prediction of Gas-Pulsation Frequency

A simplified geometry of the stratified flow pattern is given in
Fig. 1b (Hurlburt and Hanratty 2002; Soleimani and Hanratty
2003). The pipe diameter is D. The height of the liquid layer
along the centerline is hL. The lengths of the segments of the pipe
circumference in contact with the gas and liquid are SG and SL,
respectively. The length of the gas/liquid interface is Si. The pipe
cross-sectional area is A ¼ pD2=4, and the areas occupied by the
gas and the liquid are AG and AL, respectively (i.e., A¼AGþAL).
With the pipe diameter and the liquid area or height, one can cal-
culate the parameters in Fig. 1b with geometric relations by Gov-
ier and Aziz (1972). With a pseudosteady state, the momentum
balances for the gas and the liquid flows are

�AG
dp

dx

� �
� sWGSG � siSi þ qGAGg sinh ¼ 0 ð1Þ

and

�AL
dp

dx

� �
� sWLSL þ siSi þ qLALg sinh ¼ 0; ð2Þ

where qG and qL are the densities of the gas and the liquid,
respectively; h is the inclination angle of the pipe from the hori-
zontal; and dp/dx is the pressure gradient. The time-averaged
resisting stress of the gas and the liquid at the wall is sWG and sWL,
respectively. Term si is the resisting stress at the interface. The
stresses sWG, sWL, and si are defined in terms of the friction factors
fWG, fWL, and fi:

sWG ¼ 1=2fWGqGU2; sWL ¼ 1=2fWLqLu2; si ¼ 1=2fiqGðU � uÞ2;
� � � � � � � � � � � � � � � � � � � ð3Þ
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where U and u are the actual gas and liquid velocities, respec-
tively. The friction factors are calculated with the Blasius equa-
tion if Re <105 and the wall-roughness effect can be ignored;
otherwise, the Churchill equation is used (Churchill 1977; Swa-
mee 1993). The flow is assumed to be varying slowly enough that
pseudosteady-state assumptions can be made (i.e., the liquid hy-
draulic gradient is negligible, and sWG, sWL, and si can be related
to flow variables). Furthermore, the pipe is assumed to be horizon-
tal. Combining Eqs. 1 and 2 yields

AL

A
¼ sWLSL � siSi

sWLSL þ sWGSG
: ð4Þ

Because the interfacial shear stress si is much smaller than the
liquid wall shear stress sWL (while Si and SWL are of the same
order of magnitude), one can eliminate the quantity siSi from Eq.
4. Neglecting siSi and normalizing quantities in Eq. 4 with respect
to the liquid phase yield

AL

A
¼ 1þ

fWGSGqGDHGFr2
gas

fWLSLqLDHLFr2
liquid

 !�1

; ð5Þ

where DHG ¼ 4AG=ðSi þ SGÞ and DHL ¼ 4AL=SL are the hydrau-
lic diameters of the gas and liquid, respectively. The Froude num-
ber of gas is given by

Frgas ¼
USGffiffiffiffiffiffiffiffiffiffiffi
gDHG

p ; ð6Þ

where USG is the superficial gas velocity defined by USG¼UAG/
A. [The superficial velocity is the velocity of a phase through the
total cross-sectional area, as if the other phase were absent.
Assuming continuity, the superficial velocity is calculated by
applying a volumetric flow balance between an actual flow area
(i.e., AG for the gas or AL for the liquid), and the total cross-sec-
tional area A]. For the downstream (ideal) stratified flow, the liq-
uid Froude number is given by

Frdownstream ¼
USLffiffiffiffiffiffiffiffiffiffiffi
gDHL
p ; ð7Þ

where USL is the superficial liquid velocity defined by USL¼ uAL/
A. However, the pulsation of gas at the inlet section, with a dis-
continuous flow/no-flow gas jet acting on the interface, results in
a local liquid Froude number of mixing characteristics on the ba-
sis of a stride type of frequency (Alexander 1984). One can derive
this local Froude number from an analogy to the model concept
for the Froude number in stirring tanks given by Holland and
Bragg (1995), considering the centripetal-to-gravitational forces
(Vaughan and O’Malley 2005), which gives

Frlocal ¼
f 2
p DHE

g
; ð8Þ

where fp is the gas-pulsation frequency; DHE is the hydraulic
diameter of the ellipsoidal cross section, calculated by

DHE¼ 4 AE/SE; AE ¼ pD2
E is the ellipsoidal cross-sectional area;

SE ’ p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðD2 þ D2

EÞ=2
p

is the perimeter; and DE ¼ D=sina is the
semimajor axis of the ellipsoidal.

When Frlocal>Frdownstream, the local flow at the inlet section
exhibits ~AL= ~A larger than its value downstream. Therefore, slugs
form upstream in the pipe at a relatively higher frequency, which
can be maintained by the flow conditions downstream. These slugs
encounter a lower liquid level as they propagate farther down-
stream. As a result, their lengths decrease. After their length
becomes shorter than a critical length [e.g., <10 D (Taitel and
Dukler 1976)], they turn into roll-waves, and the flow pattern
becomes stratified wavy. The decay of slugs results in an accumu-
lation of liquid downstream in the pipe. Consequently, new slugs
that form downstream in the pipe encounter a large liquid excess,
and thus grow to become undesirably very long. On the other
hand, when Frlocal<Frdownstream, the flow encounters subcritical
conditions for slug formation, and slug flow is delayed. The delay
of slug formation results, as well, in liquid accumulation along the
pipe, and slugs form later and farther downstream at a relatively
low frequency. These slugs are long-growing. However, operating
at Frlocal¼Frdownstream, the flow both at the inlet and farther down-
stream encounters “identical” conditions, so that slugs are formed
at the inlet with time periods long enough to allow a rebuild of the
liquid layer behind but short enough to prevent liquid accumula-
tion along the pipe. Therefore, the following forming slugs are rel-
atively short and stable. To this end, equating the local and the
downstream Froude numbers (Eqs. 6 and 8) results in a gas-pulsa-
tion frequency that produces the shortest stable slugs allowed by
the flow conditions,

fp ¼
g

DHL

� �1=4 USL

DHE

� �1=2

: ð9Þ

Note that DHL is a function of the flow rates and the densities
of the gas and liquid, and pipe size. In this context, Eq. 9 includes
the important flow and pipe properties. More explicitly, in terms
of pipe diameter and angles, one can write Eq. 9 as

fp ¼
g1=4

27=4p1=2

ðusinaÞ1=2

D3=4
½hðh� sinhÞðsin2aþ 1Þ�1=4; ð10Þ

where h is the central angle to the cross-sectional liquid segment
of area AL.

Results and Discussion

Fig. 2 presents the predictions of the gas-pulsation frequency fp,
Eq. 9, and the measurements of the downstream slug length as
functions of the pulsation frequency at four different combina-
tions of USG and USL: (a) USG¼ 0.5 m/s, USL¼ 0.15 m/s; (b)
USG¼ 1 m/s, USL¼ 0.15 m/s; (c) USG¼ 0.5 m/s, USL¼ 0.3 m/s;
and (d) USG¼ 1 m/s, USL¼ 0.3 m/s. The measurements, denoted
by [�], were carried out in a 137-m-long horizontal air/water pipe-
line with an internal diameter of 0.052 m (Kadri et al. 2011). Each
measurement point represents an average of at least 8 to 10
experiments. The following structure was observed in each
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Fig. 1—Presented are (a) a drawing of a Y-shaped inlet with an electromagnetic valve to pulsate gas and (b) a cross section of the
pipe, stratified flow representation.
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subplot (Kadri et al. 2011): (1) At a relatively low gas-pulsation
frequency, there is an effective region in which the slug length is
shortest (see notation in Fig. 2). (2) The effective region is
bounded by two extrema in which the slugs are longest. This
occurs when the gas-pulsation frequency generates unstable slugs
or delays the normal generation of slug flow; consequently, the
liquid excess in the pipelines grows beyond normal, which is
picked up by incident-stable slugs that become long. (3) As the
gas pulsation increases, the slug length Ls tends to reach the value
of the case without pulsations (the dashed line). The predictions
of fp are represented by [�]. For each of the four combinations of

USL and USG, Eq. 9 predicts a pulsation frequency fp that is within
the effective region.

Fig. 3 presents calculations of fp as a function of USL at constant
gas-flow rates, USG¼ 0.5, 1, 2, and 4 m/s. Fig. 3 shows that the pre-
dicted fp (Eq. 9) increases with USL and USG, resulting in higher slug
frequency. This behavior can be briefly explained by the fact that
the slug-propagation velocity increases with the mixture velocity
(USLþUSG) (Hurlburt and Hanratty 2002); consequently, the slug
frequency has to increase to retain short stable slug lengths.

Another important factor in determining fp is the pipe diameter.
The behavior of fp with the pipe diameter is given in Fig. 4. To this
end, three different diameters were chosen, D¼ 0.052, 0.104, and
0.208 m. Here, it is found that the larger the pipe diameter, the lower
the required fp becomes, as obtained in Eq. 10. A possible physical
explanation for this behavior is briefly given in the sequel. It is well-
known that the frequency of the leading natural-wave modes
decreases as the length scale of the system increases. Therefore, for
larger liquid hydraulic diameters (i.e., for the flow conditions of in-
terest proportional to the pipe diameter) to enhance the natural low-
frequency modes, there is a need to operate at corresponding pulsa-
tion frequencies (i.e., a lower pulsation frequency).

Conclusions

An expression was derived for a general frequency of gas pulsation
required for operating within the effective region in which slug
length is shortest. The derivation is based on comparing the Froude
numbers at the inlet and downstream in the pipeline. The local
Froude number at the inlet might differ from the quasisteady
Froude number of the shortest stable slug flow that can be achieved
downstream. As a consequence, slugs are likely to form at frequen-
cies other than required, and they might become extremely long.
To achieve shorter slugs, the Froude number caused by pulsation
should equal that of the short stable slug flow. Predictions by the
derived expression are in agreement with the gas-pulsation
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Fig. 2—Measured normalized slug length is noted as a function of the frequency of the gas pulsation, at different flow rates; the
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measurements by Kadri et al. (2011). The advantage of the derived
expression is that it combines between the properties of the gas
and liquid phases, flow rates, and pipe diameter, as well as the
cross-sectional area and pulsation angle of the gas phase at the
inlet, and thus, in principle, is capable of predicting a wide range
of flow properties and pipeline geometries. Nevertheless, further
comparisons with measurements, at different pipe sizes and fluid
properties, are essential to examine the generality of the derived
expression. It is hoped that findings in this paper will motivate
researchers to carry out further experimental validations. The
results obtained in this work may have immediate application in
the gas and oil industry—in particular, to prevent oversized slugs
from reaching the downstream facilities (e.g., slug catcher, separa-
tor) and to provide further control of the flow when operating
within the long slug flow regime. The current work contributes, as
well, to the design of more-optimized facilities.
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