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Long liquid slugs reaching a length of several hundreds of pipe diameter may appear when transporting
gas and liquid in horizontal or nearly horizontal pipelines. These long slugs may cause system vibration,
separator flooding, and operational problems for the downstream processing facilities. Although mainly
short hydrodynamic slugs have been observed in offshore gas and oil production fields over the past
years, the appearance of the long slugs is becoming more common as many production fields are now
more mature and reach end of field life, giving reduced production rates and reduced operational
pressure.

In this paper we investigate the effect of gas pulsation at the pipeline inlet on the length and frequency
of long slugs for gas–liquid flow in horizontal pipelines. Experiments have been carried out in a 137 m
long air–water horizontal flow loop with an internal diameter of 0.052 m. The results show a strong
relation between the frequency of gas pulsation and the resulting slug flow. Particularly gas pulsation
can decrease the size of the long liquid slugs significantly.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

A slug flow pattern is often observed when transporting gas and
liquid in horizontal or near horizontal pipelines. Slug flow is char-
acterised by plugs of liquid moving along the pipeline, separated
by elongated bubbles moving along the top of the pipe. When
the pipeline is operated at relatively low pressure and at relatively
low gas and liquid flow rates, very long slugs with sizes reaching
several hundreds of pipe diameters may appear. Such long slugs
can cause serious operational problems due to the strong fluctua-
tions in flow supply and pressure, which may exceed the capacity
of the downstream facilities, such as the separator or slugcatcher,
compressor, and heat exchanger.

Due to space and weight limitations at platforms, the size of the
separators needs to be as small as possible. Usually the standard
separators only have a small slugcatching volume that can handle
the typical hydrodynamic slugs having a size of about 30 pipe
diameters. Slugs of sizes above 100 pipe diameters either require
increased slugcatching capacity, increased liquid drain rate from
the separator, or active slug control. This requires either extra
investment in hardware (larger separator, larger drain rate) or
production deferment (with slug control, which chokes back the
production to keep the slug in the pipeline/riser until there is space
to drain it through the platform facilities). Therefore there is a large
need to try reducing the size of liquid slugs.
ll rights reserved.
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1.1. Slug length

Slug lengths have been reported to be in a range of 12–30 pipe
diameters in laboratory experiments for horizontal air–water flow
(Dukler and Hubbard, 1975; Nicholson et al., 1978; Nydal et al.,
1992). These are referred to as hydrodynamic slugs. However, Kris-
tiansen (2004) found that the introduction of stratified flow at the
inlet leads to the formation of both hydrodynamic and long slugs.
When introducing smooth stratified flow at the inlet, Zoeteweij
(2007) measured very long slugs reaching a length of 500 pipe
diameters. The long slugs are formed at relatively low gas and li-
quid flow rates (Kadri et al., 2009a). Taitel et al. (1980) and Dukler
et al. (1985) developed a model for predicting the minimum stable
slug length based on the distance required to establish a fully
turbulent velocity profile in the slug body. Kadri et al. (2009a)
developed a model to calculate the dynamic slug length based on
the balance of liquid volumetric rates and simplified geometric
dynamics of the slug tail. The model can be used to predict the
transition from hydrodynamic to long slugs. However, it overpre-
dicts the slug frequency due to the simplified geometric represen-
tation of slugs.
1.2. Slug frequency

The slug frequency has been investigated by several research-
ers. Hubbard (1965), Gregory and Scott (1969) and Heywood and
Richardson (1979) investigated the effect of the gas and liquid flow
rates on the slug frequency. Gregory and Scott (1969) analysed
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Fig. 1. Flow regime map for air–water flow in horizontal pipe with diameter
D = 0.0763 m. Curve A indicates the transition to slug flow; between curves A and B,
slugs are formed at about 40D from the entrance (zones I and II); along curve C, a
unity Froude number at the inlet. Zone I: Fr < 1; zone II:Fr > 1; zone III: slugs form
upstream the 40D from the entrance. (Woods and Hanratty, 1999). Reprinted from
International Journal of Multiphase Flow, vol. 25, Bennett D. Woods, Thomas J. Hanratty,
Influence of Froude number on physical processes determining frequency of slugging in
horizontal gasliquid flows, 1195–1223, Copyright (1999), with permission from Elsevier.
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Fig. 2. Air–water measurements of the slug flow regime and sub-regimes for
different USG and USL in flow loop with diameter D = 0.052 m (Kadri et al., 2009a).
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experiments in a wide range of pipe diameters at relatively large
liquid flow rates and obtained a correlation for the slug frequency.
Similar correlations based on additional data have been suggested
in a number of studies, such as Greskovich and Shrier (1972),
Heywood and Richardson (1979), and Zabaras (1999). Woods and
Hanratty (1999) investigated the influence of the Froude number
on the slug frequency. They concluded that at subcritical flow
conditions slugs evolve from regular gravity waves, whereas at
supercritical flow conditions slugs evolve from irregular waves
that appear in the stratified flow. This result is consistent with
previous work by Lin and Hanratty (1986a), Lin and Hanratty
(1986b), Fan et al. (1993a), Fan et al. (1993b) and Andritsos et al.
(1989). Kadri et al. (2009b) proposed a probabilistic model for
predicting the slug frequency: slugs are assumed to be triggered
at any location along the pipe. However, travelling slugs prevent
the formation of new slugs at downstream locations. The model
by Kadri et al. (2009b) is consistent with the postulation by Taitel
and Dukler (1977) who argued that the slug frequency is related to
events occurring at the initial part of the pipeline, where slugs
form from interfacial disturbances.

In this paper we investigate the effect of gas pulsation, at the
inlet of the pipeline, on the length and frequency of the long slugs
developing downstream in the pipeline. Experiments are carried
out in a 137 m long air–water horizontal pipe flow with an internal
diameter of 0.052 m. The pulsation of gas at the inlet may result in
either delayed or enhanced appearance of irregular waves. At
specific frequency of gas pulsation, we found that such irregular
waves result in a higher slug frequency and a shorter average slug
length.

1.3. Effect of inlet condition

The flow development at the inlet plays a crucial role in the
development of slug flow downstream in the pipe. A smooth strat-
ified inlet section (with a phase separator plate) reported by Kadri
et al. (2009a) results in naturally developing slugs that become
very long, whereas shorter, but still long, slugs are observed when
using a standard inlet section (without a phase separator plate), or
inclined/declined inlets (Kristiansen, 2004, Kadri et al., 2010b). In
this paper we show that pulsating gas in a horizontal standard inlet
section may result in dramatic changes in slug length and
frequency. The formation of long slugs can be avoided when we ap-
ply a specific range of gas pulsation frequencies.

Some background description of the slug flow physics is given
in Section 2. A description of the experiments is presented in
Section 3. Section 4 provides a discussion of the detailed measure-
ments of the slug length and frequency at varying frequency of the
gas pulsation and at fixed flow rates. Finally, the conclusions are
presented in Section 5.

2. Background

2.1. Sub-regimes in the slug flow regime map

Woods and Hanratty (1999) defined sub-regimes in the slug
flow regime map for air–water flow in a horizontal pipe with diam-
eter D = 0.0763 m, as shown in Fig. 1. The sub-regimes are distin-
guished by the mechanism for slug formation: curve A indicates
the transition from stratified to slug flow; the region between
curves A and B (areas I and II) covers slugs that form at about
40D distance downstream of the entrance; area III represents slugs
that form within 40D from the entrance; and along curve C the
Froude number, defined as

Fr ¼ uffiffiffiffiffiffi
gh

p ; ð1Þ
is unity at the inlet. In Eq. (1), u is the actual liquid velocity, g is the
gravitational acceleration, and h is the liquid height. Slugs within
area I are formed from long wavelength (low frequency) waves,
which grow and reach the top of the pipe (Fan et al., 1993a; Fan
et al., 1993b). These slugs have a large excess in liquid holdup
(i.e. the liquid holdup is much larger than the minimum liquid
holdup needed to sustain a slug), as compared to the stratified base
flow. Based on the liquid excess, Kadri et al. (2010a) distinguished
three different slug types: type I having large and constant liquid
holdup excess; type II, with decreasing liquid holdup excess; and
type III, with no liquid holdup excess. Slugs of type I may grow to
become very long. Kadri et al. (2009a) reported on slugs with
500D length measured in a 137 m long horizontal flow loop with
0.052 m internal diameter. They presented a detailed slug flow re-
gime map, at which a number of different sub-regimes within the
long slug flow regime were observed (see Fig. 2). The dashed-dotted
line in Fig. 2 is the observed transition from stratified (�) or strati-
fied-wavy flow (�) to slug flow, and the solid-line is the observed
transition from hydrodynamic slug flow (�) to the long slug flow
regime. Within the long slug flow regime, two sub-regimes were



Fig. 3. Sketch of the experimental setup. Regular valves are indicated by � and the
electromagnetic valve by �.

Fig. 4. Drawing of three Y-shaped inlets: (a) with electromagnetic valve to pulsate
gas, (b) with a phase separator plate to prevent gas-jet, and (c) standard.
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observed: (1) long but neutrally stable slugs above the dashed-line
(N) and (2) long and positively growing slugs below the dashed-line
(�). The hydrodynamic slugs are characterised by a relatively short
length, i.e. less than 40D. In contrast to this, the long slugs have at
least a length of 40D and can reach lengths up to several hundreds
of pipe diameter.

Note that the choice of 40D as the limit length between short
and long slugs follows from two main considerations. The first con-
sideration is phenomenological: slugs forming within the first 40D
from the entrance disturb the inlet conditions, and by that enhance
the formation of proceeding slugs. Such slugs are characterised by
lengths of less than 40D (Woods and Hanratty, 1999). The second
consideration is technical: in the gas and oil industry slugs that
are less than 40D long are referred to as hydrodynamic slugs,
and these slugs are commonly observed and can be handled well
by the common gas–liquid separators.

As shown in Fig. 2, the long slugs are formed at relatively low
gas and liquid flow rates. When operating at relatively high gas
and liquid flow rates the slug frequency increases, the slug length
decreases, and the long slugs are less likely to be formed. Similarly,
when operating at a high pressure, the liquid excess decreases and
long slugs can no longer develop (whereas hydrodynamic slugs
may still exist).

2.2. Slug length and frequency

The average slug length in a pipe was calculated by Kadri et al.
(2009a) using a volumetric balance between the front and the back
of a slug. The following relation was obtained between the final
bubble length, LB, and the final liquid slug length, Ls, for fully devel-
oped horizontal pipe flow:

LB ¼ Ls
A� ALmax

ALmax � ALmin
; ð2Þ

where A is the pipe cross-sectional area, ALmax is the liquid cross-
sectional area in the stratified flow just before the appearance of
the slugs, and ALmin is the minimum liquid cross-sectional area
required for slug flow to be stable. The average slug unit, LU, is then
described by:

xLU ¼ LB þ Ls: ð3Þ

Making use of Eqs. (2) and (3), we obtain a relation for the slug
frequency

fs ¼ CB Ls
A� ALmin

ALmax � ALmin

� ��1

; ð4Þ

for fully developed slugs moving with an average bubble velocity,
CB. For large mixture velocities, Woods and Hanratty (1996)
proposed the following relation between fs and Ls:

fsD
USL
¼ 1:2

Ls

D

� ��1

: ð5Þ

Eqs. (4) and (5) show an inverse relationship between the slug
frequency and the slug length:

fs � L�1
s : ð6Þ

Based on relation (6), the average slug length can be controlled
by adjusting the slug frequency at constant average flow condi-
tions. In the next section we present a description of experiments
that we have carried out in order to study this concept.

3. Description of the experiments

Experiments have been carried out to investigate the effect of
gas pulsation, at the inlet, on the length and frequency of long
liquid slugs that develop downstream in the pipeline. The flow
loop consists of a 137 m long horizontal pipe, having an internal
diameter of 0.052 m. The pressure is atmospheric and the gas
and liquid phases used are air and water. A sketch of the experi-
mental setup is given in Fig. 3. A bypass is installed to prevent
the pump from overheating at low flow rates. At low flow rates
the bypass is opened allowing only a small amount of water
entering the setup. For large flow rates the bypass is closed. The
flow is regulated by valves prior to entering the flow-line (indi-
cated by � in Fig. 3). The pipe is made of Perspex (Plexiglas) to
allow visual observation of the flow development. At the inlet,
the two phases are combined in a standard Y-shaped section with
the gas phase entering from the top (see Fig. 4). In the main
measurement setup an electromagnetic valve is installed at 1 m
from the gas inlet to control the frequency of gas pulsation, fp,
automatically (see Fig. 4a). The valve is a standard two-ways Sperry
Vickers electromagnetic solenoid valve. It generates a periodic con-
stant square wave for the gas flow rate. The air is injected from a
compressor with pressurised tank that ensures a constant mass
flow rate in each measurement when time averaged over the
period of the pulsation, i.e. this holds regardless of possible



Fig. 5. Time signals from two sensors. On top: sensor A (upstream) and on bottom:
sensor B (downstream).

1 Measurements from the wire–mesh sensors are not presented in this paper.
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pressure fluctuations at the inlet. In the reference measurements
two different inlets are installed: (1) with phase separator plate
to measure naturally developing slugs with smooth inlet and (2)
a standard Y-shaped inlet (see Fig. 4b and c). Note that the
reference measurements are both without gas pulsation. All flow
rates are measured with an accuracy of the order of 1% full scale
for the liquid phase and 3% for the gas phase. The gas mass flow
rate in the reference cases (i.e. without pulsation) was controlled
and is the same as the time-average gas mass flow rate that is
injected in the experiments with pulsation. The gas mass inflow
is independent of the time-dependent pressure and flow condi-
tions in the pipeline.

The length and velocity of the liquid slugs are measured with
conductivity probes. A measurement section is installed at a loca-
tion 124 m downstream from the inlet. The measurement section
consists of two pairs of sensors separated by 70 cm distance. Each
pair of sensors has two electrodes: one at the bottom of the pipe
and the other at the top. As the electrodes at the bottom are circu-
lar plates of 1 cm diameter the electrical conductance between the
liquid phase and the electrodes is always good. The top electrodes
consist of a metal pin with a diameter of 1 mm, pointing 1–2 mm
into the pipe interior. Due to the small size of the pin, there is a
sharp change in conductance during the passage of slugs. The
calculation of the slug length and velocity is illustrated in Fig. 5.
In Fig. 5 the slug front and tail velocities are given by vf and vt,
whereas the length of the signal passing A and B are denoted by
Lupstream and Ldownstream, respectively. The slug length and the veloc-
ities are derived from the measured time required for the slug to
pass the two subsequent sensors (A and B) in the section: (1) the
velocity is equal to the distance between the two sensors divided
by the time difference and (2) the slug length is equal to the prod-
uct of the velocity and the time difference between the front and
tail passing the same sensor. Thus

v f ¼
Dx

t2 � t1
ð7Þ

v t ¼
Dx

t4 � t3
ð8Þ

Lslug ¼ v tDt ð9Þ

where Lslug is the derived slug length and Dt = (t4–t2). The tail
velocity is chosen for the calculation of Lslug since it can be more
representative for the slug propagation velocity than the tail veloc-
ity. Nevertheless, when the slug is neutrally stable vf = vt.
Note that the measurement section consists also of wire–mesh
sensors for detailed flow imaging and holdup behaviour.1 A
detailed description of the measurement technique is given by
Zoeteweij (2007).

Four test cases with constant gas and liquid flow rates,
USG = {0.5,1} m/s and USL = {0.15,0.3} m/s, have been considered.
These are the superficial velocities at the pressure condition in
the pipeline. In fact the gas flow was injected in a pulsating mode:
the time-averaged injection rate of the gas at the inlet gives a mass
flow that corresponds to the mentioned value of the superficial gas
velocity. In each case (i.e. certain combination of gas and liquid
superficial velocities), we performed detailed measurements for a
large range of frequencies for the gas pulsation, namely
0.2 6 fp 6 90 Hz. In each measurement we set fp to a new value,
and wait sufficiently long (t > 124 m/USL) to avoid hysteresis. Each
measurement consists of the passage of about 20 slugs.
4. Results and discussion

In this section we present and discuss measurements of the slug
length and frequency at varying frequency of gas pulsation, fp.
Subplots in Figs. 6–12 present measurements at constant gas and
liquid flow rates and varying fp. The gas and liquid flow rates of
each subplot correspond to the following superficial velocities. In
subplots A, USG = 0.5 m/s and USL = 0.15 m/s; in subplots B,
USG = 1 m/s and USL = 0.15 m/s; in subplots C, USG = 0.5 m/s and
USL = 0.3 m/s; and in subplots D, USG = 1 m/s and USL = 0.3 m/s.
The dashed-lines represent measurements without gas pulsation,
i.e. open valve with fp = 0.
4.1. Average slug length

Fig. 6 presents the average slug length measurements at 124 m
from the inlet. The following general structure is observed in each
subplot. (1) At relatively low fp there is an effective region where the
slug length is shortest (see notation in Fig. 6). (2) The effective
region is bounded by two extrema. (3) As fp increases Ls tends to
reach the value of the case without pulsations (the dashed-line).
The last observation is not surprising since at relatively high fp

the electromagnetic is semi-open most of the cycle period.
At very low fp (larger than zero), the valve is closed for a rela-

tively long time where only liquid is pumped. This leads to a
pressure loss near the inlet which creates a decrease in the mixture
velocity and a reverse flow. As a result, existing short slugs decay
leading to liquid accumulation. When the valve is opened, the
pressurised gas penetrates through the growing liquid waves lead-
ing to a delay in forming new slugs. However, when a surviving
(not decaying) slug is produced it picks up the accumulated liquid
downstream and grows rapidly to become very long (the first peak
in Fig. 6).

At higher fp a second peak and other extrema fluctuate around
the dashed-line. The appearance of such extrema might be an indi-
cation of interferences of propagating waves that result in a
decrease or increase of the superposed wave amplitudes at specific
frequency bandwidths. Therefore, higher flow rates excite higher
wave frequencies resulting in a larger number of extrema as
confirmed by subplots Fig. 7C and D.

Comparing subplots Fig. 6A and B with subplots Fig. 6C and D,
respectively, we find that the effective region increases with USL,
and the corresponding Ls approaches the dashed-line. Similarly,
comparing subplots Fig. 6A and C with Fig. 6B and D, respectively,
we find that as USG increases the values of Ls in the effective region
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Fig. 6. Measured slug length Ls/D at varying frequency of gas pulsation, fp, and at constant flow rates. (A) USG = 0.5, USL = 0.15 m/s. (B) USG = 1, USL = 0.15 m/s. (C) USG = 0.5,
USL = 0.3 m/s. (D) USG = 1, USL = 0.3 m/s. The dashed-line is the slug length without pulsation.
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Fig. 7. Detailed measured slug length Ls/D in the effective region at varying frequency of gas pulsation, fp, and at constant flow rates. (A) USG = 0.5, USL = 0.15 m/s. (B) USG = 1,
USL = 0.15 m/s. (C)USG = 0.5, USL = 0.3 m/s. (D) USG = 1, USL = 0.3 m/s. The dashed-line is the slug length without pulsation.
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approach the dashed-line. However, the band width of the effective
region is insensitive to changes in USG.
Detailed measurements of the effective region are given in
Fig. 7. At low USL, the slug length is insensitive to small changes



Fig. 8. Measured average, maximum and minimum slug length Ls/D at varying
frequency of gas pulsation, fp, and at constant flow rates, USG = 0.5, USL = 0.15 m/s.
The solid line is the average slug length with a smooth inlet without gas pulsation.
The dashed-line is the average slug length with a standard inlet without pulsation.

Fig. 9. Measured scaled slug length, (Ls/D)Frmixture, in the effective region at varying
scaled frequency of gas pulsation, fp=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Frliquid

p
, and at constant flow rates.
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of fp. However, we observe an increased number of local extrema as
USL increases. Thus, the slug length becomes more sensitive to the
gas pulsation frequency as the liquid flow rate increases.

The average, maximum and minimum slug length of Fig. 6A is
given in Fig. 8. In the figure, the star symbol represents measure-
ments with gas pulsation, the solid line represents measurements
with a smooth inlet and without gas pulsation, and the dashed-line
represents measurements with a standard inlet and without gas
pulsation. The figure also shows that the deviation from the aver-
age slug length is smallest within the effective region. This is
because within the effective region the slug flow is characterised
by the highest frequency. As the frequency of pulsation increases,
the deviation becomes large covering a wide range of slug lengths.
A similar behaviour is obtained for the other three test cases.

Fig. 9 presents a scaling of the normalised slug length and
frequency of gas pulsation as found in Fig. 7. Although variations
in the flow parameters in the present experiments were only
limited, we have tried to properly scale the results. The slug length
Ls/D is scaled, as found by trial and error, with the reciprocal of the
mixture Froude number defined as:
Frmixture ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

SG þ U2
SL

� �1=2
USL

gD

vuut
: ð10Þ

The frequency of pulsation behaves as the square root of the
Froude number of the pulsating gas (see e.g., Paul et al., 2004). At
the gas–liquid interface, the matching condition implies that the
Froude numbers of the liquid and of the pulsating gas should be
equal. Therefore, the frequency of pulsation seems to be best scaled
with the square root of the liquid Froude number defined by:

Frliquid ¼
USLffiffiffiffiffiffi

gD
p : ð11Þ

Wether the proposed scaling in Eqs. (10) and (11) are indeed the
proper universal expressions requires repeating the experiments in
a wider parameter space (e.g. for other pipe diameters and for
other systems pressures). The scaling in Fig. 9 provides a general
range of effective frequencies,

7 <
fp
� �

effectiveffiffiffiffiffiffiffiffiffiffiffiffiffi
Frliquid

p < 24; ð12Þ

at which the slug length is reduced to the following relation:

10 < Frmixture
Ls

D

� �
< 30: ð13Þ

Relation (13) can be used to calculate one of the parameters,
(Ls/D), D, USG or USL if all the others are known. As an example, if
we apply the effective fp given in relation (12) to obtain an average
slug length (Ls/D) = 40, with g = 9.81 m/s2, D = 0.052 m and
USL = 0.15 m/s, then substituting (Ls/D), D, and USL in relation (13)
gives the following condition for the gas superficial velocity:
0.15 < USG < 1.9 m/s. This condition implies that at USG < 0.15 m/s
only longer slugs can be obtained, whereas at USG > 1.9 m/s short
slugs are obtained.

4.2. Slug frequency

Fig. 10 presents slug frequency measurements for the four cases
discussed in Section 4.1. For the four cases the slug frequency is
largest in the effective region, whereas the slug frequency tends
to the limit of the case without gas pulsation (dashed-line) when
fp is increased. The similarity in the behaviour of the slug frequency
at the different cases might indicate that specific frequencies of gas
pulsation excite a specific bandwidth of waves, resulting in a rapid
growth of waves that enhances the slug frequency. Further inves-
tigation is needed to validate this argument.

Detailed measurements of the slug frequency in the effective
region are given in Fig. 11. Similarly to the slug length, at low USL

and USG, the slug frequency is less sensitive to small changes in
fp, and the number of extrema is relatively low. However, the
number of local extrema increases with USL. The insensitivity of
the slug frequency to small changes in fp, as given in Fig. 11A,
can be briefly explained as follows. At relatively low gas and liquid
flow rates the leading wave modes are related to the dominating
long wavelength waves. The interferences of such waves result in
a gradual destruction/construction of the superposed wave
amplitudes (when fp changes). On the other hand, waves with
shorter wavelength waves are dominating the flow at larger flow
rates, and the superposed waves become steeper since the ratio
of the wavelength and amplitude is smaller.

Fig. 12 presents a scaling of the slug frequency, fs, and the
frequency of gas pulsation, fp. Similarly to the slug length, the slug
frequency is scaled with the inverse mixture Froude number,
Frmixture. On the other hand, the frequency of pulsation is scaled,
as described above, with the square root of the liquid Froude
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Fig. 10. Measured slug frequency, fs, at varying frequency of gas pulsation, fp, and at constant flow rates. (A) USG = 0.5, USL = 0.15 m/s. (B) USG = 1, USL = 0.15 m/s. (C) USG = 0.5,
USL = 0.3 m/s. (D) USG = 1, USL = 0.3 m/s. The dashed-line is the slug frequency without pulsation.
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Fig. 11. Detailed measurements of the slug frequency, fs, in the effective region at varying frequency of gas pulsation, fp, and at constant flow rates. (A) USG = 0.5, USL = 0.15 m/
s. (B) USG = 1, USL = 0.15 m/s. (C) USG = 0.5, USL = 0.3 m/s. (D) USG = 1, USL = 0.3 m/s.
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number, Frliquid. Note that the scaling of the slug frequency was pri-
marily done to present data from the four test cases on a single plot
sharing the same bandwidth. However, it is known from literature
that the slug frequency correlates with the mixture superficial
velocities which is represented by Frmixture (Gregory and Scott,
1969, Jepson and Taylor, 1993, Zabaras, 1999). Therefore, data from
inside and outside the effective range may collapse into the same
scaled bandwidth.



Fig. 12. Measured scaled slug frequency, fs/Frmixture, in the effective region at
varying scaled frequency of gas pulsation, fp=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Frliquid

p
, and at constant flow rates.
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4.3. Additional remarks

The measurements presented in this paper show a strong rela-
tion between the frequency of gas pulsation and the slug length
and frequency. This seems to be linked to the receptivity of linear
and non-linear flow instabilities. It is well-known from fluid
mechanics theory that flow instabilities can be introduced when
the ratio of the fluid forces (like inertia, gravity, viscous, and sur-
face tension forces) are reaching critical limits. Excitation of linear
and non-linear waves might be dependent on the presence of
energy in specific wave lengths or wave frequencies of the disturb-
ing force. In the current slug experiments we also notice that
depending on the gas pulsation frequency either constructive or
destructive interference of wave amplitudes may occur. A
constructive interference enhances slug formation, whereas a
destructive interference delays the slug generation and contributes
to liquid accumulation. The precise analysis of the receptivity for
pulsated slug flow requires additional experiments and stability
analysis of the describing physical equations.

There are specific values of fp at which short and stable slugs are
generated. Similarly, there are frequencies (fp) at which the gener-
ation of slugs is delayed. Under the latter conditions, larger
amounts of liquid are picked up by (the few) surviving slugs. These
slugs have an average length that may exceed the average length of
the long slugs reported by Kadri et al. (2009a).

Velocity measurements2 that have been carried out indicate that
the shortened slugs within the effective region are naturally stable,
i.e. they are neither growing nor decaying. The tail and front veloci-
ties are equal, and there is no liquid excess in the bubble zones
separating the slugs. Therefore, under steady operating conditions
it is unlikely that the shortened slugs agglomerate to form long ones.
However, under actual field conditions we need to sustain the short-
ened slugs over a large pipeline distance and under varying flow and
geometry conditions, which cannot be guaranteed. It depends on the
conditions met along the way to the outlet of the pipeline whether
the length of the slugs can indeed be kept sufficiently short.

For practical use, the measurements in Fig. 6 provide an operat-
ing region at which the slug length can be dramatically reduced,
and hence, the negative effects of long slugs can be prevented/re-
duced. In the case of low gas and liquid flow rates (subplots A),
where slugs can grow to become very long, the average slug length
is reduced five times, compared to the case without gas pulsation,
2 Velocity and holdup measurements are not presented in this paper.
and eight times, compared to the smooth stratified inlet case (re-
ported by Kadri et al. (2009a)).

The measurements presented here have been carried out in a
single pipe with a diameter of 0.052 m. Further measurements at
different pipe diameters are needed to assess the generality of
the scaling used for the frequency of pulsation, ðfp=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Frliquid

p
Þ, the

normalised slug length, (Ls/D)Frmixture, and the slug frequency (fs/
Frliquid).
5. Conclusions

(1) Measurements have been carried out for water/air flow in a
137 m long horizontal pipe, having an internal diameter of
0.052 m. The measurements show that application of gas
pulsation at the inlet of the pipeline has a significant effect
on the length and frequency of long slugs that develop
downstream in the pipeline.

(2) The detailed measurements of the slug length, Ls and fre-
quency, fs, at varying frequency of gas pulsation, fp, and
constant gas and liquid flow rates show a clear relation
between the frequency of gas pulsation and the resulting
slug length and frequency. At relatively low fp there is an
effective region at which the slug length is relatively short
and the slug frequency is relatively large. In this way gas
pulsation can lead to 5–8 times shorter slug sizes.

(3) The frequency of pulsation and slug frequency scale with the
liquid and mixture Froude numbers, respectively, whereas
the slug length scales with the reciprocal of the mixture
Froude number. The scaling of fp provides a general range
for the frequency of pulsation that gives operation in the
effective region. On the other hand, the scaling of Ls and fs

provides the range of possible slug lengths and frequencies
in the effective region.

(4) Operating within the effective region can help to reduce or
prevent operational problems caused by the long slugs.
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