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Résumé — Approche probabiliste de prévision de la fréquence moyenne des bouchons dans des
écoulements gaz/liquide en conduite horizontale — Dans cet article nous présentons un modele
de prévision de la fréquence moyenne des bouchons dans des écoulements gaz/liquide en conduite
horizontale. Le modele prend en considération la probabilité de formation de bouchons si les bouchons
sont déclenchés aux ventres d’une perturbation sinusoidale, le long de la conduite, a la fréquence
d’oscillation de I'interface. Il est estimé qu’un bouchon se forme, si et seulement si, il est déclenché
a un espace-temps suffisamment éloigné des bouchons existants. Il est constaté que la probabilité
de formation des bouchons diminue avec la distance a I’entrée, étant donné que le passage en aval
des bouchons existants prévient la formation de nouveaux bouchons. Les prévisions obtenues par le
modele sont comparées aux mesures air/eau, fréon/eau et air/huile extraites de la littérature avec une
concordance satisfaisante. Cependant, un écart par rapport aux mesures est observé lorsqu’un liquide de
haute viscosité est considéré. Le modele contribue a la prévision de régime d’écoulement des bouchons
et peut servir de ligne directrice pour la conception d’écoulement gaz/liquide en conduite horizontale.

Abstract — A Probabilistic Approach for Predicting Average Slug Frequency in Horizontal
Gas/liquid Pipe Flow — In this paper, we present a model for predicting the average slug frequency
in horizontal gas/liquid pipe flow. The model considers the probability of slug formation if slugs are
triggered at the antinodes of a sinusoidal perturbation, along the pipe at the frequency of oscillation
of the interface. A slug is assumed to form if and only if triggered at a space-time far enough from
existing slugs. The probability of forming slugs is found to decrease with distance from the inlet, since
the downstream passage of existing slugs prevents the formation of new slugs. Predictions by the
model are compared with air/water, freon/water and airjoil measurements found in literature, with a
satisfactory agreement. However, a deviation from measurements is observed when considering high
viscosity liquid. The model contributes to the prediction of slug flow regime and can act as a guideline
toward the design of gas/liquid horizontal pipe flow.

INTRODUCTION

A slug flow pattern is commonly observed when
transporting gas and liquid in horizontal and near horizontal
pipe flows. Slug flow is characterized by plugs of liquid
moving downstream separated by elongated bubbles moving
along the top of the pipe.

The formation of slugs follows from surface waves
evolving on the gas-liquid interface. One of the explanations
of the occurrence of the surface waves is the presence of
oscillations in the gas and liquid layers due to shear flow.
Consequently, oscillations at the interface result in pressure
and velocity fluctuations that drive the wave formation. At
relatively large gas and liquid Froude numbers the pressure
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fluctuations cause a resonant forcing of the free surface
modes, which then grow indefinitely [1]. If the flow rates
are sufficiently high, the evolving waves can reach the top of
the pipe and form slug flow.

Predictions of the Flow Conditions

Two main theories are involved for predicting the neces-
sary flow conditions at which slugs may form: theories
on the stability of stratified flow and the stability of slugs.
[2] used the stability of stratified flow to describe waves on
thin films over which air is blowing. Their analysis was fol-
lowed by [3-7] who used the Kelvin-Helmholtz instabilities
by analysing small sinusoidal perturbations on the interface
of the stratified flow. This approach gives a criterion for the
transition from stratified-smooth to wavy flow. On the other
hand, the stability of slug flow concerns a volumetric bal-
ance between the liquid flow rate shedding from the back
of a slug and the liquid rate accumulating at the front. This
balance results in a minimum liquid area at the front that is
required for a slug to be stable [8-10]. In this approach, the
back of the slug is modelled as a bubble [11], which is sup-
ported by measurements and photographs by [12]. The two
stability theories provide predictions of the flow conditions
that are necessary for the formation of slug flow. However,
they do not provide prediction of slug length or frequency.
In this paper, we use the predictions by the two theories to
obtain the properties of a stable slug flow.

Prediction of Slug Frequency

Slug frequency has been investigated by several researchers
in the last decades. [13] modelled the slug frequency as a
function of the superficial gas and liquid velocities and the
liquid Froude number. The correlation by [13] is based
on slug flow measurements performed in a wide range of
pipe diameters, at relatively large liquid flow rates. Similar
correlations based on additional data have been suggested
by a number of researchers (e.g. [14-16]). [17] presented a
semi—mechanistic model postulating that the slug frequency
is one-half of the frequency of the unstable waves respon-
sible for slug initiation.[18] reported that the postulation
by [17] is inconsistent with their experimental data. [19]
carried out measurements at very large liquid flow rates
and suggested a slug frequency correlation directly propor-
tional to the squared liquid Froude number. [16] presented
a review of eight slug frequency prediction methods: seven
correlations and the mechanistic model by [5]. The correla-
tions were found unsatisfactory and the mechanistic model
was computationally too demanding. [16] suggested a cor-
relation which is basically the correlation by [13] extended
to include positive pipe inclinations, relative to the hori-
zontal. More recently, slug frequency has been examined
by [20] who applied Poisson probability theory to model
slug frequency in gas/liquid pipe flow; [21] who examined

the chaotic behaviour of slug flow; [22] who revisited the
slug frequency problem with the aim of providing a unified
slug frequency relation valid for all available data; [23] who
presented a new methodology for the control of slug fre-
quency; [24] who investigated the effect of high viscosity oil
on slug frequency; and [25] who investigated slug frequency
in horizontal gas/liquid pipe flow.

In this paper, we present a model for predicting the
average slug frequency in horizontal gas-liquid pipe flow
using a probabilistic approach.For the validation of the
model, we compare predictions of the slug frequency
with measurements found in the literature [15, 26-28], for
gas-liquid horizontal pipe flows.

Theoretical background including stability of stratified
and slug flow is given in Section 1.The proposed slug
frequency model is presented in Section 2. Section 3 pro-
vides comparisons between predictions by the slug fre-
quency model and measurements. Finally, the conclusions
are presented.

1 BACKGROUND
1.1 Stratified Flow Pattern

An idealized model of the stratified flow pattern is repre-
sented by a simplified geometry as given in Figure 1a. The
diameter of the pipe is D.The height of the liquid layer
along the centreline is /. The length of the segments of the
pipe circumference in contact with the gas and liquid are S
and S, respectively. The length of the gas-water interface
is presented by §;. The areas occupied by the gas and the
liquid are A and Ay, respectively. Given the pipe diameter,
these parameters are used to calculate the gas and liquid
heights H and A of the fully developed stratified flow, by
using geometric relations (e.g. [29]). The momentum bal-
ances for the gas and the liquid flows are:

d
—Ac(ﬁ)—TWGSG_TiSi"'pGAGgSine =0 (D)

and:

d dh
—AL(—p)—pLg COS e(a)—TWLSL + TiSi + pLALg sin =0

dx

)
where pg and p;, are the gas and the liquid densities, 0 is the
inclination angle of the pipe from the horizontal, dp/dx is
the pressure gradient, di2/dx is the liquid hydraulic gradient,
and g is the acceleration due to gravity. The time-averaged
stress of the gas and liquid phases at the wall and the stress at
the interface, Ty, Twz and 1;, are defined in terms of friction
factors:

_ fwepaU? .  fwpr® . fipg (U—u)?
= f’ TwL = ) U= 3

where U and u are the average actual gas and liquid veloc-
ities, respectively. The wall gas and liquid friction factors,

Twe

3)
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Figure 1

a) A simplified geometry of stratified flow. b) Properties of
slug flow.

fwe and fyp, can be calculated from the Blasius equation
for turbulent flow and a smooth pipe wall:

fwg = 0.0791Re;  fwr = 0.0791Re;'* (4)

The interfacial friction factor, f;, is calculated from the
friction factor for a smooth surface, f;. At relatively very
low gas and liquid flow rates f; = f;. However, at larger
flow rates, f; becomes larger near the transition to slug flow,
and it is estimated from the following relations [10,30-32]:

h_,
s

smooth surface (U —u) < (U —u)y;  (5)

fi s

7 wavy surface (U —u) < (U —u).; (6)

fi W\ (U=u)
Jz N 5+15(B) [(U_u)crit_l

The quantity (U — u),,;; is the critical relative velocity at
which waves become unstable, defined by:

s0
- M)fm _ 2p_L agcos )
PG V PL

The gas and liquid Reynolds number in Equation (4) are
given by:

:|, (U—M) > (U_u)crit (7)

DypcU
ReG = e 5 ReL =
VG Vi

DHLM

9)

where v and v, are the kinematic viscosities of gas and
liquid, and Dpg and Dp; are the hydraulic diameters
defined as:

4A¢G 4A;

Dy = — (10)

Dy = ———;
G Sc+S; St

1.2 Slug Stability Model

The slug stability model considers the rates of liquid
adjoining or detaching from the slug at its front or rear.
Slugs are stable (not decaying) when the rates of liquid
adjoining are not less than the rates at which liquid detaches.
Figure 1b gives an illustration of a slug moving with front
velocity Cr over a stratified liquid layer at station 1 of

area A7) and actual velocity u;. The volumetric flow rate
of liquid adjoining the slug is:

Oin = (Cr —up)Ap (11)

The rear of the slug is assumed to behave as a bubble moving
with a velocity Cp, where:

Cp = Uyix +0.542 /gD, Uiy < 2+/gD (12)

Cp=1.1Up1,+0.542 \JgD, 2+JgD<Uyix<3.5+/gD (13)

CB = I.ZUM,'X, UMix > 3.5 VgD (14)
The volumetric flow rate of the liquid detaching from the

slug is:

OQour = (Cp — u3)(1 — ©)A, atstation3  (15)

The parameter u3 is the actual liquid velocity at station 3,
and ¢ is the volume fraction of the gas in the slug [12,33]:

1
(1+ (Unir/8.66)%)

£ = 0.8{1 - (16)

where Uy, is the mixture velocity (Uyix = Usg + Usy,
where Uy and Uy are the superficial gas and liquid veloc-
ities, respectively). Assuming neutral stability, Q;, = Qo
and Cr = Cp, and making use of Equations (11) and (15),
the following relation is obtained:

(g) _ (Cp-w)(1—¢)

17
A Co— 1) (17)

for the area of the stratified flow at the front. Using Equa-
tion (17) and geometric relations, the critical height, h;,_. ,
at the slug front required for the slug to be neutrally stable
is obtained. The detailed analysis of slug stability model is
well documented by [10] and [34].

2 PROBABILISTIC SLUG MODEL

Oscillations in gas and liquid, due to shear flow, may result
in perturbations oscillating on the interface of the stratified
flow. Although the Kelvin-Helmholtz instability analysis of
such perturbations can be applied for the prediction of
the critical flow conditions for the formation of slug flow
(e.g. [7]), the aim of the model presented here is to pro-
vide a probabilistic approach for the prediction of slug fre-
quency, which cannot be governed by the Kelvin-Helmholtz
approach. The current model postulates that slugs are trig-
gered (though not necessarily form) at the frequency of
oscillation f,;, at the location of the antinodes of a sinusoidal
perturbation i = 1, ..., n along the pipe, as shown in Figure 2.
The length of the pipe is Ly;pe, and a characteristic distance
between two neighbouring antinodes is the average length
scale, Ir = 0.07Dpy, for a fully developed pipe flow. The



334 Oil & Gas Science and Technology — Rev.

Flow direction>

|Frrrs & /|
tet—t—t—<—t+—1+— —t
i ; Ty
1 il_1 i i+ k-1 k k+1 5n—1 n
|7 ; /{/ s s A
Ir
Lpipe
Figure 2

Sketch of triggering slug precursors along the pipe.

probability of forming a slug is influenced by the passage of
other slugs that have already been formed upstream in the
pipe. Such slugs may prevent the triggering of new slugs.
Therefore, it is required to calculate the probability of slug
formation P, given the passage of other slugs upstream in
the pipeline.

2.1 Conditional Probability of Slug Formation

We assume that a slug will form if triggered at any loca-
tion k unless another slug is passing at that location, at the
triggering time, as illustrated in Figure 2. The passing slug
unit (slug and bubble) is referred to as a “dead zone”, where
triggered slugs fail to form slugs. The initial length of the
“dead zone” is defined as the length passed by a perturba-
tion moving with the interface at the velocity Cg for a time
period Ar = 1/f,.;:

Ip = CrAt (18)

The wave velocity Cg is calculated from the classical
Kelvin-Helmholtz analysis of a stratified flow (e.g. [32]):
Cp = pGUh+pLMH (19)
pLH + pgh
where /# and H are the heights of liquid and gas, respectively.
Figure 3 shows examples of slug triggering that forms slugs
(a and d), and others that fail to form slugs (b and c) due to
their existence in the “dead zone” at the triggering time. We
define a factor m; ; which is a measure for the effect of a slug
at location 7 on the triggered slug precursor:

tiw— li,F]
At

where t;,, is the time that takes the upstream wave behind
a slug at location i to reach the triggered slug precursor at
location k: )

_ (k=Dlr

ti,w CR

whereas t; ¢ is the time needed for the front of a slug at
location i to reach the triggered slug precursor at location k:

— (k - l)lT - ldeud
Cr

(20)

m;j = max [0,

1)

(22)

iLF

Equation (20) provides the number of slugs that may form
upstream and their passage will prevent the formation of a
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Figure 3

An example for triggering slug precursors at different loca-
tions a, b, ¢ and d. The triggering at locations a and d may
form slugs, whereas triggering at b and c, in the “dead zone”,
fails to form slugs.

slug precursor that is triggered at location k, within the time
interval (#;, — #; ). Therefore, the conditional probability of
forming a slug (if triggered) at location £ is:

el P,
Py=1- ”‘ 23
‘ Z; - (23)
where P; = 1 is the conditional probability of forming a

slug, if triggered, at location 1. Averaging the probability
of slug formation along the pipe (Py), the slug frequency is
obtained as follows:

fs = (P)f.;, forallk=1,...n (24)

2.2 Frequency of Oscillation

It is known that the first harmonic dominates the resonance
frequencies, since the wave damping factor grows propor-
tionally to the square root of the frequency [35]. Thus, for
the frequency of oscillations in gas, liquid and interface, we
write:

UG _ Ur L _ 1 1
fr,G - H ) fr,L - ]’l ) fr,l = Uq,i (H + ]’l) (25)

where the friction velocity in gas, liquid and at the interface
is respectively given by:

Uz G = 4 ’ ILG’ Ut = m’ Ui = il (26)
PG V oL VoL

Substituting the interfacial terms in Equations (26) and (25)
into Equation (24) finally yields:

T 1 1
fs = (P — =+ 27
s = (Pr) o ( i h) 27)
Substituting t; into Equation (26) and expressing the result
as function of f,; and £, ;, we obtain a relation for an inter-
facial frequency as function of oscillations in gas and liquid:

£ PG [ f.c fr ]( 1 1)
- [P H- wll=+-] @9
NG PL \ v fwe Ve J\H h

Note that an expression for the average fully developed
length of a slug unit Ly (bubble and slug) can be obtained
by dividing the bubble velocity, Cg, by the slug frequency

(Eq 27) (i.e., LU = CB/fS)
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Theoretical calculations of the frequency of oscillations in air,
water and at the interface. D = 0.095 m, Lp;pe = 24 m. a) Con-
stant liquid flow rate, Ugy, = 0.5 m/s. b) Constant gas flow rate,
Usg =3.5m/s.

3 RESULTS

Theoretical, calculations of the frequency of oscillations in
the gas and liquid phases, and at the interface are given in
Figure 4. The calculations were performed for air-water
flow in a 24 m long pipe with 0.095 m i.d. The subplots a)
and b) indicate constant Ug; = 0.5 m/s and Ugg = 3.5 m/s,
respectively. The dashed and dotted curves are calculations
of the frequency of the oscillations generated in the gas and
liquid, respectively; whereas the solid curve is the calcula-
tion of the frequency at the interface. In Figure 4, the fre-
quency of the oscillations generated in the gas phase, f, g, is
order of magnitude larger than that in the liquid, f,;, or at
the interface, f,;. However, the relative behaviour of f,; with
the flow rates is similar to that of f,. ;. This might be an indi-
cation that the momentum of the liquid phase dictates the
magnitude of the interfacial oscillations, whereas the inten-
sity of oscillations in the gas phase dictates the behaviour
of f,; with the flow rates.

Figure 5 presents theoretical calculations with the above
model of the conditional probability of slug formation as
function of the location on the pipe (detailed steps are

1.0 . . . .
09} \ Ug =12(m/s)
08l \\ | ---Ug =04(mfs) | |
o7l \\ \‘\ - USL:O.OQ (m/s) |
061 v
0.57 NN
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02f Dol e
0.1 mm T

Conditional probability of slug formation (-)

0 20 40 60 80 100 120 140
Position along the pipe (m)

Figure 5

Theoretical predictions of the conditional probability of slug
formation in air-water horizontal pipe flow. Usg = 3.5 m/s,
D =0.052m, Lyjpe = 137 m.

given in Appendix). The pipe is horizontal, 137 m long
with a diameter of 0.052 m, and the fluids are air and
water with Usg = 3.5 m/s. The probability of slug forma-
tion corresponds to Equation (23). In Figure 5, the prob-
ability monotonically decreases downstream in the pipe,
which is due to the more probable passage of slugs formed
upstream (see Eg. 23). It is well known that increasing Usgy
results in the formation of slugs upstream at higher fre-
quency (e.g., [18]). The passage of the increased number
of slugs prevents the formation of a larger number of
slugs downstream. Thus, while the average slug frequency
increases with Ugy, the conditional probability of slug for-
mation, at any downstream location, decreases.

Theoretical predictions of slug frequency are compared
with measurements in Figure 6. The measurements were
carried out by [26] and [27] (published in [36]) at Us, = 1.2,
0.8 and 0.5 m/s, and a range of 1 < Ugg < 16 m/s. The
pipe is 24 m long with a diameter D = 0.095 m. The agree-
ment between predictions and measurements is satisfactory.
Equation (24) successfully predicts that the slug frequency
increases with increasing Us. However, a systematic over-
prediction is noticed as Uy, decreases. It is also noticeable
that the region Ugs > 10 m/s is a transition region to annular
flow. In order to improve the accuracy of the predictions
of slug frequency, the effect of annular flow needs to be
considered.

Figure 7 compares theoretical predictions with air/water
measurements in pipes with diameters of 0.042 m [15]
and 0.095 m [26,27] and with Freon/water measurements
in a pipe diameter of 0.15 m [28] (see Tab. 1). The ordi-
nate is f;D/Us, and the abscissa is Ugy/Uysiy. The current
model successfully predicts the slug frequency for the dif-
ferent pipe diameters.

Figure 8 compares theoretical predictions of the cur-
rent model (solid curves) with predictions by [13] (dashed
curves) and measurements by [24], for air/oil pipe flow.
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Theoretical predictions and measurements of slug frequency
at fixed Usy and varying Usg. D = 0.095 m, Lyip. =
24 m. The measurements were performed by [26] and [27].
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Theoretical predictions and measurements of slug frequency
of high viscosity oil at fixed Us; and varying Usg,
D =0.0508 m, Lyjpe = 18.9 m, u = 0.181 Pa-s.

The pipe diameter and length are D = 0.0508 m
and L, = 18.9 m, respectively. The liquid viscosity is
0.181 Pas. For Usg > 0.5 m/s, the current model pro-
vides an improved prediction of slug frequency, compared
to the correlation by [13]. However, a systematic deviation
from measurements is noticed. A possible reason for this
deviation is the relatively high viscosity of the liquid, which
significantly affects parameter such as length scale (/7) and
bubble velocity (Cp).

A summary of the slug frequency data set used for com-
parison with predictions is given in Table 1.The parame-
ters €,y and €4, are the average and maximum errors in
predictions, calculated for all the measurements presented
in Figure 8. The maximum deviation from measurements
by [24] reach as high as 43%. Further increase in the liquid
viscosity is expected to increase the deviation, as discussed
earlier.

CONCLUSIONS

1. A probabilistic based model for predicting the average
slug frequency in gas-liquid horizontal pipe flow was
introduced. The model considers the probability of slug
formation if slugs are triggered at the antinodes of a
sinusoidal perturbation, along the pipe, at the frequency
of oscillation of the perturbed interface. Predictions by
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Summary of slug frequency data sets

Source | Usy (m/s) | Usg (m/s) D (m) Lpipe (m) Gas/liquid €avg Emax
[28] 0.2-1.4 1-16 0.15 20 Freon/water -0.03 -0.11
[26] 0.5-1.2 1-16 0.095 24 Air/water 0.01 0.21
[24] 0.3-0.8 0.1-2 0.0508 18.9 Air/oil -0.09 0.43
[15] 0.2-1.4 0.1-8 0.042 14 Air/water -0.10 -0.23

the model were compared with slug frequency measure-
ments, found in literature, with a satisfactory agreement.
. The model was validated by comparing slug frequency
calculations with measurements found in literature. The
agreement between predictions and measurements is
satisfactory at Usg < 10 m/s. However, at large gas
or low liquid flow rates the model overpredicts the slug
frequency. A possible reason for this deviation between
predictions and measurements is the transition to annular
flow, gas entrainment and liquid breakup that is not
considered in the paper.

. The probability of forming a slug decreases in the down-
stream part of the pipe as a result of the passage of slugs
formed upstream. It also decreases along the pipe when
the liquid velocity increases, which is due to increasing
the length of the “dead zones”.

. At larger pipe diameters the minimum length of a stable
slug increases. This results in larger “dead zones”, at
which triggering fails to form a slug. Hence, the prob-
ability of forming a slug decreases with increasing the
pipe size.

. The oscillations at the interface f.; have a logarith-
mic behaviour (with the flow rates) similar to the fre-
quency of oscillations in the gas phase, f.; (see Fig. 4).
However, the order of magnitude of f,; is compara-
ble with the frequency of oscillations in the liquid, f, ;.
A possible explanation for this behaviour is that the
magnitude of the interfacial oscillations is imposed by
the momentum of the liquid phase as the interfacial
friction velocity (Eq. 26) is dominated by the liquid
(ur; = +JTi/pL since pp > pg)-

. Note that the presented model does not consider the
geometry of the inlet which in many cases has direct
influence on the generation of slugs, in particular
the short hydrodynamic slugs. However, for relatively
smooth gas and liquid flow entrance (e.g. at low gas and
liquid flow rates), where the effect of gas jet on the inter-
face is secondary [37], slugs develop from smooth strat-
ified flow further downstream in the pipe [18]. In this
respect, the current model is applicable for both hydro-
dynamic and terrain slugging.

. Finally, the current model can be used for stochastic anal-
ysis of predicted values of slug frequency. However, in
this case, a modification of the factor m; is required:

min [, ti
At

F (29

m; = max |0,

where #; is the instant at which a slug precursor is trig-
gered at location k. Here, #; is a random array containing
all triggering instants at location k.
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APPENDIX
STEPS FOR CALCULATING THE CONDITIONAL PROBABILITY OF SLUG FORMATION, Pk

Provided the fluids properties, gas and liquid superficial velocities and pipe length and diameter, the following steps are

carried out in order to calculate Py:

a) the average gas and liquid heights H and # of the fully developed stratified flow are obtained using the momentum balances
Equations (1) and (2), and the geometric relations by [29];

b) substitute the superficial gas and liquid velocities and pipe diameter in Equations (12—14) to find the bubble veloc-
ity Cp (Cr = Cp);

c) calculate the wave velocity Cg using Equation (19);

d) calculate the frequency of oscillation at the interface f,; from Equation (25) and substitute in At = 1/f,;;

e) substitute the values of At and Cg in Equation (18) to obtain the length of the “dead zone”, /;.,4; and the liquid hydraulic
diameter to obtain the average length scale (I; = 0.07Dgy);

f) calculate #;,, and #; r from Equations (21) and (22), respectively;

2) find the factor m;; for each location i < k using Equation (20) and substitute in Equation (23) to obtain the conditional
probability of slug formation at location k;

h) repeat steps f) and g) foreach 1 < k < n.





