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Abstract—One of the flow regimes occurring in horizontal two-phase flows is characterized by periodic
large waves “surging” along the tube. This flow, called “slug™ flow, has been frequently observed in low
and high pressure gas liquid systems, but it has been noticed that slugging is absent in certain liquid-liquid
two-phase systems. A method is developed giving the necessary conditions for the presence of slug flow.
This method quantitatively explains the observed absence of slugging in certain liquid-liquid flows.

1. INTRODUCTION
One of the flow regimes occurring in horizontal two-phase gas-liquid flow is characterized by
periodic large waves or liquid slugs “surging” along the tube. This flow, called slug or surge
flow, can be also described as an extreme case of long bubble flow, the qualitative difference
being that in the slug flow the large waves move much faster than the bulk of the liquid,
whereas in the long bubble flow, the gas and the liquid move with about the same velocity and,
additionally, the void fraction is substantially smaller.

Slug flow is highly desirable in intermediate quality steam-water flow in horizontal boiler
tubes, since the large waves are responsible for the replenishment of the liquid on the upper
surfaces of the tube and this may prevent formation of dry patches when the tube is heated
(Fisher & Yu 1975). On the other hand slug flow may be responsible for large pressure
transients and fluctuations of individual phase discharge rates and these aspects must also be
considered.

This flow regime has been extensively observed in low and high pressure gas-liquid systems
and has been correlated with certain corrosion failures of high pressure boiler tubes (Fisher et
al. 1978). In liquid-liquid flows in horizontal tubes, however, the slug flow regime as defined
above is missing. Govier & Aziz (1972) in their review of horizontal liquid-liquid flow do not
indicate such a flow regime with two liquids of different densities and, more recently, the
absence of slug flow was also noticed by Kubie & Gardner (1977) during their investigation of
n-butyl acetate/water flow in a 25.4-mm tube bore helix, which was used to model the flow
behaviour in high pressure steam-water helical boilers.

It has been found experimentally that slug flow originates from stratified flow when
interfacial instabilities allow formation of large waves (Wallis & Dobson 1973) and there is a
number of analyses available in the literature on transition from stratified to slug flow in
horizontal channels. Kordyban & Ranov (1970) and Wallis & Dobson (1973) analyzed slugging
in horizontal air-water flows in rectangular channels. More recently Taitel & Dukler (1976) and
Gardner (1977) developed other models for the transition from stratified to slug flow. The
former model is similar to that of Wallis & Dobson but Gardner’s model is conceptually
different, since it does not deal directly with interfacial instabilities but considers instead
energetic behaviour of inviscid flow. Gardner’s is the only model which is directly applicable to
systems with smaller density ratios py/p;, where py and p; are the densities of the heavy and
the light phase respectively.

It is the purpose of this paper to explain the absence of slug flow in certain liquid-liquid
systems and to discuss consequences for high pressure steam-water boilers and systems used
for their modelling.
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The extrapolation of surging criteria to systems with lower density ratios (pu/p.) is
considered and it is shown that the relative velocity (difference between the mean velocities of
the phases) required for the onset of slugging decreases with the decreasing density ratio. It is
also shown that there is a limit to the maximum attainable relative velocity in horizontal
stratified flow which is determined by the stability of the interface against entrainment and that
this maximum relative velocity decreases in all practical cases more rapidly with decreasing
density ratio than the relative velocity required for the onset of slugging, so that the range of
operating parameters over which slugging can occur narrows and slug flow eventually disap-
pears.

Some experimental evidence justifying the present approach is presented.

2. ANALYSIS
The theoretical analysis is only concerned with two-phase flows in horizontal tubes such as
occur, for example, in serpentine evaporators with long horizontal passes because (i) the
analysis is considerably simplified; (i) some of the previously derived conditions for the onset
of slugging are applicable; and (iii) theoretical predictions can be readily compared with
available experimental data.

2.1 Onset of slugging

The extrapolation of the simple model of Wallis & Dobson (1973) is considered in this work.
They applied the Kelvin-Helmholz theory of interfacial instability on small amplitude long
waves in rectangular channels. These waves are unstable for

Fr=1 m
where
, V.-V,
—_ _+__
[g(py PL)(pL py)

and where V, and Vy are the mean velocities of the light and the heavy phase respectively, g is
the gravitational acceleration and h; and hy are the depths of the light and the heavy phase
respectively.

Wallis & Dobson found that the onset of slugging was correlated by the Froude number
of [2] and that at the onset of slugging it was equal to 0.5. However since they were dealing with
air and water they neglected hy/py in comparison with k;/p; and hence they did not investigate
the effect of the density of the heavy phase. It is assumed here that, for systems where inertia
forces are considerably greater than viscous and interfacial forces, the empirically determined
constant of 0.5 can be applied more generally. This implies that the influence of hyfpy is
accounted for by using the above definition of the Froude number.

The hypothesis that the onset of slugging in horizontal rectangular channels can be
correlated with the onset of instability of small amplitude long interfacial waves is extended to
flows in horizontal circular pipes as follows. The velocity of these waves, c, is given by Gardner
(1977) as

PH(VH‘C)2 PL(VL'C)2 _
P+ P =1
(P — pLI8AK ! (pu — pLIgAL !

where P; is the width of the two-phase interface and A; and Ay are the cross-sectional areas
occupied by the light and the heavy phase respectively. These waves become unstable for
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and as above the onset of slugging is assumed to take place for Fr =0.5. This can be rearranged
and the critical relative velocity for the onset of slugging can be expressed as

v —os(Pae o)\
Vi=Vy=05 gR) o (4]
oL
where
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and where R is the radius of the tube and 26 is the angle subtended by the light phase to the
two-phase interface (figure 1). The function iy is plotted vs 8 for various values of the density
ratio py/py in figure 1.
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Figure 1. Plot of function ¢y vs voidage A.

2.2 Relative velocity in stratified flow

In order to determine if slugging is possible in a particular system the relative velocity under
stratified conditions has to be known. It can be shown, by assuming that the pressure gradient
in both phases is the same that the equilibrium condition for stratified flow without mass
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transfer in horizontal tubes may be expressed as

P ,1-P _ Vi — Vy sP
prLVL A prHVH 1_A+2T( |VL_ VH‘A(]'—A)*O [6]
where
P=6rn 7
A=60/m—sin2627 [8]
s =sin 6/0 [9]

and where 7; is the interfacial shear and f; and fy are the friction factors between the wall and
the light and the heavy phase respectively.

In order to calculate the relative velocity from[6] the interfacial shear must be known. It is
assumed here that it is given by

7 =3yfupu(VL— V) (10]

where f; is the friction factor between the wall of the tube and the light phase and v is a
correction factor which takes into account, for example, the topography of the interface and the
density ratio. Assuming further that f; = fy for the turbulent flow of both phases considered
here and substituting[10] in[6], the relative velocity is found to be

VL= Vi = Vusths (11]

"’Sz{[H(Z_PL{%:—}%_1)(”1ZSA)]”2_1_}/“_A+”) [12]

and where Vs is the superficial velocity of the heavy phase.

The interfacial shear stress was investigated, for example, by Cohen & Hanratty (1968),
Davis (1969) and Kordyban (1974) in air-liquid flows in horizontal channels and the correction
coefficient y was found to vary from about 1 (for smooth interfaces) to about 4. There are no
data available on interfacial shear stress in liquid-liquid flows in circular tubes. However, for
reasons which become clear later, the present analysis is limited to void fractions, A of not
more than 0.5. Then even a four fold increase in vy increases the relative velocity at the most by
46, 33 and 23% for the density ratios of 1000, 10 and 2 respectively and the sensitivity of the
relative velocity on y decreases with the decreasing density ratio, pu/p;. Hence, for simplicity,
the value of y = 1.0 is used in[12] throughout this work. The function s for y = 1.0 is plotted
vs @ for various values of the density ratio in figure 2(a) and 2(b).

where

2.3 Limits on the relative velocity and the void fraction

Equations[11] and {12] show that the relative velocity is independent of the dimensions of
the tube and is proportional to the superficial velocity of the heavy phase. This implies that the
relative velocity could be as large as required (depending on the superficial velocity of the
heavy phase) and that slugging could occur in all two-phase flow systems which exhibit
stratification. However, there is a limit on the maximum relative velocity since, if either of the
phase velocities exceeds certain critical values, the interface will be broken and the entrained
drops will inhibit a further increase in the relative velocity and thus prevent the onset of

slugging.
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Figure 2(a). Plot of function y;s vs voidage A.

4l
7
T_Io
4
2
3_
¥
2
.

. A0

; .
G 20 40 60  B0_. 100 120 140
‘@ﬂ

4 L 2 n T : .
0.0200501 02 0304030607 06 09
A

Figure 2(b). Plot of function ¢ vs voidage A.
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The stability of the interface against entrainment was investigated by Gardner & Kubie
(1976) during a study of two-phase liquid-liquid flows in pipes. They found that the critical
velocity for the breakdown of the stratified flow into drops, Vi, was given by

2

&2‘)—,5 =14 [13]
where ¢ is the interfacial tension, Ap is the differential between the phase densities, and p and f
are the appropriate values of the density and the wall friction factor; to calculate the critical
velocity of the heavy phase Vi, py and fy are used and to calculate the critical velocity of the
light phase V., p; and f; are used. It was also inferred from experimental evidence that[13]
could be used to predict the disruption of stratified flow in high pressure steam-water and freon
vapour/freon liquid flows. However, it should be noted that in alf these cases the density ratio
was less than or equal to about 10. Examination of the work of Davis (1969) and Ishii &
Grolmes (1975) indicates thatin gas-liquid systems[13] substantially overpredicts the critical gas
velocity required for the breakdown of the water film and thus application of [13] in cases where
the density ratio is more than 10 is doubtful.

Furthermore, there also seems to be a limit on the maximum voidage, A, for which
transition to stable slugging in circular tubes can occur. Taitel & Dukler (1976) suggest that this
maximum voidage is 0.5. They picture the wave as a sinusoid and argue that a stable slug can
form only when the supply of liquid in the pipe is sufficient to maintain such a slug. If the water
level is above the centre line (A <0.5), the peak of the wave will reach the top before the
trough reaches the bottom of the pipe, and then blockage of the gas passage and slugging can
result. When the liquid level is below the centre line (A >0.5), the inverse will be true, which
will make slugging impossible.

It can be then shown that for all these conditions (A <0.5) and all practical purposes the
phase which is responsible for the breakdown of the interface is the heavy phase. Hence
from{4], [5], [11], [12] and [13] the necessary condition for the onset of slugging in horizontal
pipes is

2Vusth
(gR)1/2<pH _pL> : [ ]
Pr
subject to
A<05 [15]
1/271/2
Vis < [%’f—g;i] (1- A) [16]
where
= ys/dp [17]

and ¢ is plotted in figure 3. Equations [14]-[17] probably hold well for py/p; < 10, but can give
only trends for py/pr > 10.

It can be seen from [14]-[17] that A is a function of the properties of both phases and the
radius of the tube. For a given value of A, the maximum possible value of Vys can be
calculated from [16] and then the maximum value of the function A (denoted AM) can be
obtained from [14]. If the present hypotheses are correct, AM greater than unity indicates that
slug flow can be present and AM smaller than unity that transition to slugging cannot occur.
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Figure 3(a). Plot of function ¢ vs voidage A.
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Lastly it should be noted that A increases with decreasing radius of the tube (A « 1/R'?).
Hence the tube diameter could be chosen sufficiently small to make A greater than unity and
slugging could then occur. This will only be possible if the surface tension forces allow
stratification in the first place. This was tested during experimental work described below.

3. EXPERIMENTAL WORK

As mentioned previously slug flow was not present for the flow of acetate and water in a
0.025 m bore helical coil (Kubie & Gardner 1976). If the tube were horizontal, AM would be
below unity for A =0.5 (as shown in table 2). To test the hypotheses of the previous section,
three glass serpentines were built with dimensions shown in figure 4. Acetate and water were
pumped into the bottom inlets of the test sections at known flowrates and the flow regimes were
observed visually and photographed. Detailed description of the flow patterns is not given. It
suffices to mention that in the largest serpentine (tube diameter D = 0.0254 m) stratification was
followed by partial and complete breakdown of the acetate layer into drops and slug flow was
not observed. Sketches of typical photographs are shown in figure 5. In the two smaller
serpentines (D =0.0072m and D =0.0044 m) stratification, slugging and breakdown of the
acetate layer were all observed. Some development of the flow took place downstream of the
bends where some of the smaller slugs became unstable and disappeared. The flow became
stable, however, about 20 pipe diameters downstream of the bends. Sketches of typical
photographs for D = (0.0072 m are shown in figure 6 which shows that slugging was observed for
A=0.5. Hence the conclusion from the experimental work is that with acetate and water
flowing in serpentines, slug flow does not occur in tubes with bores greater than or equal to
0.0254 m but it can occur in tubes with bores equal to or below 0.0072 m.

4. DISCUSSION
4.1 Onset of slugging
The analysis developed in section 2 is applied to the flow of acetate and water, air and
water, freon vapour and freon liquid and steam and water at various pressures; however, it

Q=
_r '
Place where photographs
1
‘/_ were taken
1
rad
1
Ly
L
Serplentine Serpﬁmine Serpﬁlntine
Bore, mm 254 7.2 4.4
L,mm 2000 1000 1000
P,mm 140 49 32
Pz.mm 70 30 |14
Lyjymm 1600 500 500

Figure 4. Diagram of the serpentines.
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Flow Direction

(a) Stratified flow, V=395 cm/s. Vs=10 cm/s

(b) Stratified flow with entrained drops.
V,s=395 cmfs, i =235 cm/s

{c) Dispersed flow, Y,g=39.5cm/s, /=395 cm/s

Figure 5. Sketches of the flow patterns in the 25.4-mm bore serpentine.
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(c) Surge flow, Wys=26.3 cm/s, Y 5=29 4 cm/s

(d) Dispersed flow, If,c=26.3 cm/fs, Vo= 73.7 cm/s

Figure 6. Sketches of the flow patterns in the 7.2-mm bore serpentine.
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should be noted that there are certain reservations and restrictions. The major one is that the
analysis is restricted only to systems in which the density ratio is less than 10, i.e. exactly to
those systems where the equation for the onset of slugging was not separately tested. In
systems with the density ratio greater than 10 the analysis is applied only formally. All relevant
properties of the above fluids are given in table 1. The values of AM (obtained with “‘equal” sign
in [16}) for A=0.5, 0.3 and 0.7 are presented in table 2. It should be noted that AM was not
calculated for the flow of acetate and water for A =0.3, since the relative velocity was negative
in these cases.

It can be observed from table 2 that in cases in which py/p; <10, the values of A decrease
with the decreasing voidage, A. Hence it can be concluded that in general slugging is more
probable for higher voidages and if one is looking for the presence of slug flow it is sufficient to
investigate the behaviour of the system for the largest value of voidage which will allow slug
flow. Taitel & Dukler (1976) suggest that this voidage is 0.5 and hence the behaviour of AM for
A =0.5 is investigated first. Now, slug flow was visually observed in atmospheric steam-water
and air-water flows (Fisher & Yu 1975) where A} = 13. The presence of slug flow was inferred
in steam-water flow at 60 bar (Lis & Strickland 1970) where A% =7 and in freon vapour—freon
liquid flow at 30 bar (Fisher ef al. 1978) where A% = 2.9. During the present experimental work
with acetate and water in serpentines, slugging was observed for tube diameters of 0.0072 and
0.0044 where A5 =1.2 and 1.5 respectively and not observed for the tube diameter of 0.0254 m
where A =0.76.

All the above results lend support to the analyses developed in this work though there are
uncertainties in the overall approach. The major one seems to be the requirement that the

Table 1. Relevant properties of examined fluids

Interfiacial Interfécial
tension tension

Fluid Pressure Density with with

water freon

liquid

(bar) (kg/m’) (3/m%) (3/n?)
Water 1 1000 - -
Air 1 1.25 0.072 -
Butyl Acetate 1 884 0.0145 -
Water 210.55 452 - -
180 540 - -
110 670 - -
17 860 - -
1.7 947 - -
Steam 210.55 201 0.00047 -
180 130 0.0028 -
110 62.2 0.010 -
17 8.6 0.036 -
1.7 0.97 0.055 -
Freon Liquid 30 955 - -

Freon Vapour 30 210 - 0.001
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Table 2. Table of AM for various fluids and various values of the voidage

A light heavy pressure tube AM

phase phase (bar) radius
(m)

0.3 steam water 210.5 0.0127 0.91
steam water 180 0.0127 3.0
steam water 110 0.0127 6.1
steam water 17 0.0127 11.5
steam water 1.7 0.0127 13.7
air water 1 0.0127 14.3
freon freon 30 0.0127 1.8

0.5 acetate water 1 0.0127 0.76
acetate water 1 0.0036 1.2
acetate water 1 0.0022 1.5
steam water 210.5 0.0127 1.9
steam water 180 0.0127 4.1
steam water 110 0.0127 6.8
steam water 17 0.0127 9.4
steam water 1.7 0.0127 13.2
air water 1 0.0127 13.7
freon freon 30 0.0127 2.9

0.7 acetate water 1 0.0127 2.7
acetate water 1 0.0036 4.2
acetate water 1 0.0022 5.1
steam water 210.5 0.0127 2.5
steam water 180 0.0127 4.6
steam water 110 0.0127 6.9
steam water 17 0.0127 10.7
steam water 1.7 0.0127 12.2
air water 1 0.0127 12.2
freon freon 30 0.0127 3.5

voidage for the onset of slugging is limited to A <0.5. It can be observed from table 2 that if
this voidage were 0.7 instead of 0.5 the approach would be at fault, since it would give A%
greater than unity for the flow of acetate and water in 0.0254 in diameter tube where slugging
was not observed. Nevertheless, even in this case AM decreases as slugging becomes more
difficult. Hence the limiting voidage of A =0.5, suggested by Taitel & Dukler (1976), can be
regarded, at least, as an empirical constant introduced into the present model to obtain
agreement between the prediction of the model and experimental results. Hence the necessary

condition for the possible presence of slug flow in horizontal pipes is AY; greater than unity,
where A} is given by [14]-[17] as

12
”“(1 +2.27@) -1

AM =1.18 7 __ e [18]
sdo(Rin2) | (142)
oL PH

Slug flow is not possible for A% smaller than unity. The presence or absence of slug flow for
A{% greater than unity depends, of course, on the actual phase velocities in each particular case and
the properties of the fluids, which sometimes may not allow stratification in the first place.
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4.2 Influence of interfacial tension

It could be argued that interfacial tension was of primary importance during the present
experimental work with acetate-water flow in small bore tubes. The influence of the interfacial
tension is considered as follows: There are three major forces with possible influence on initial
stratification and onset of slugging: inertia, interfacial tension and buoyancy forces. Thus the
effect of interfacial tension may be represented by two dimensionless groups. They are, for
example, the Froude number, which is the ratio of inertia to buoyancy forces and the Weber
number which is the ratio of inertia to interfacial forces and which is defined as

2
we =2 Ve [19]
a

where [ is a typical dimension of the tube assumed here to be equal to the radius of the tube, R.

The Weber numbers for the flow of acetate and water in 0.0254 m, 0.0072 m and 0.0044 bore
tubes and typical acetate velocities of 0.7 m/s are respectively 380, 100 and 65. Since during the
present experimental work well stratified flow was observed just prior to slugging for the Weber
numbers of the above magnitudes, the interfacial tension forces are not dominant during the
onset of slugging. This argument is further supported by other aspects of the present experi-
mental work since a train of acetate bubbles and not stratified flow was observed at low
velocities when the Weber number was low.

4.3 Implication for modelling

The modelling of isothermal gas-liquid flow without mass transfer was recently discussed by
Chesters (1975). Since one of the similarity parameters is the density ratio py/py, rigorous
modelling of high pressure steam-water flow is not feasible with a simple analogue. A possible
alternative approach based on the results of the present work is discussed below for the flow in
horizontal pipes.

As mentioned in section 2, AM can be calculated for each particular value of the voidage by
using the “equal’ signs in [16]. It can be shown from [14] and [16] that in all systems a critical
value of the voidage will be reached at which AM =1 and thus for all voidages smaller than the
critical value, slug flow will no longer be possible. For A™ <1 the flow pattern may be either
bubble or stratified flow depending on the value of the critical voidage, since if this critical
voidage is small only bubble flow is possible; otherwise also stratified flow may be present.

The critical voidage for steam-water flow at 180 bar in a 25 mm bore horizontal tube is about
0.11 (corresponding to steam quality of about 3%). If [ in the Weber number is assumed to be
equal to the maximum depth of the steam layer, the Weber number then is (for the typical
steam velocity of 1 m/s) about 200 and this indicates that stratified flow is possible.

This provides an important implication for the modelling of high pressure steam-water flow
in horizontal tubes where stratified and slug flow are mainly responsible for dryout at low and
intermediate qualities (Fisher et al. 1978) and the group AM becomes a substitute modelling
parameter. Thus for low quality modelling of high pressure steam-water flow where AM <1,
analogues with similar values of AM should be used and for intermediate and high quality
modelling analogues with AM >1 should be employed. Two simple analogue satisfy the
respective criteria. First, for an acetate~water flow in a 25-mm bore tube, the group AM is
smaller than unity for all void fractions smaller than 0.5 and secondly, for an atmospheric
air-water flow in a 25-mm bore tube a formal application of the present method shows that AM
is greater than unity for all practical values of the void fraction. Thus the acetate-water
analogue should be only used for the modelling of low quality and the atmospheric air-water rig
for the modelling of intermediate and high quality high pressure steam-water flow in horizontal
tubes.
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5. CONCLUSIONS

A method giving the necessary condition for the presence of slug flow in various two-phase
flows in horizontal pipes has been developed. This method shows that the range of operating
parameters over which slugging can occur narrows as the ratio of phase densities decreases and
slugging can eventually disappear. This explains the absence of slugging in certain liquid-liquid
flows.

It has been also demonstrated that there is a new parameter which should be considered
when modelling high pressure steam-water flows. In particular, it has been shown that
two-liquid analogues are more suitable at lower qualities and that low pressure air-water
analogues are more suitable for intermediate and high qualities.
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