International Journol of
Multiphase
Flow

PERGAMON International Journal of Multiphase Flow 26 (2000) 977-998

www.elsevier.com/locate/ijmulflow

Mechanism of slug formation in downwardly inclined pipes

Bennett D. Woods, Evan T. Hurlburt, Thomas J. Hanratty*

Department of Chemical Engineering, University of Illinois, Urbana, IL 61801, USA

Received 21 January 1999; received in revised form 11 June 1999

Abstract

This paper examines the effect of small downward inclinations on the formation of slugs. Experiments
were conducted with air and water at atmospheric pressure, in a pipe with a diameter of 0.0763 m, a
length of 23 m and inclinations of —0.2, —0.5 and —0.8°. Measurements of the variation of the
interfacial displacement were made simultaneously at a number of locations. For low gas velocities in a
horizontal configuration waves with lengths of 16-20 cm, grow until they reach of the top of the pipe.
These waves evolve from smaller wavelength waves (8—10 cm) through a non-linear growth mechanism.
At high gas velocities, the liquid height is not large enough for this mechanism to be operable. In these
cases slugs evolve from the coalescence of roll waves. Surprisingly, the large amplitude small wavelength
waves observed in horizontal flows, at the transition to slug flow, are damped in pipelines that are
inclined slightly downward. The transition is associated with the initiation of long wavelength, small
amplitude waves, whose appearance is predicted by a viscous long wavelength linear stability analysis. A
local Kelvin—Helmholtz instability at the crest of a growing long wavelength wave is observed when a
slug forms. The frequency of slugging is equal to frequency of these long wavelength waves. © 2000
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Slugging is a commonly observed pattern in horizontal and near horizontal concurrent gas—
liquid flows. It is characterized by the intermittent appearance of highly aerated masses of
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liquid that fill the whole cross section of a pipe and travel approximately at the gas velocity.
They are separated from one another by a stratified configuration. This paper examines the
effect of small downward inclinations on the mechanism of slug formation. The motivation is
to provide a better understanding of the influence of inclination on the transition from a
stratified to a slug flow and on the frequency of slugging.

Considerable progress has been made in describing how an instability of a stratified flow can
lead to the formation of slugs at a low gas velocity. Wallis and Dobbins (1973) explored the
use of an inviscid linear stability analysis to predict the initiation of long wavelength waves.
They found that the predicted critical gas velocity is approximately twice what is observed. Lin
and Hanratty (1986a) and Wu et al. (1987) included viscous effects and found close agreement
between the predicted critical gas velocity for the initiation of waves and the initiation of slugs
at low gas velocities in an air—water system at atmospheric pressure. The analysis shows that
the transition is best described by a plot of the influence of the superficial gas velocity, Usg, on
the critical height of the liquid layer, &, normalized by the pipe diameter, D. Larger Usg are
required to initiate an instability at smaller /#/D. For very small 4#/D the transition to slug flow
is not caused by the instability of a stratified flow; it is associated with the stability of a slug
(Woods and Hanratty, 1996).

The picture that is evoked by the stability analyses is that very long wavelength waves grow
until they reach the top of the pipe. Detailed observations of the interfacial behavior at the
transition to slug flow were made by Fan et al. (1993a, 1993b). These revealed an appearance
of small amplitude long wavelength waves. However, the slugs were observed to evolve from
waves with lengths of 8-10 cm. These bifurcate through a resonance mechanism. The resulting
16-20 cm waves can grow and tumble or, if 4/D is large enough, can grow to form a slug
before they become saturated. These observations present a paradox in that the formation of
slugs appears to occur by a different mechanism from what is suggested by the successful linear
stability analysis.

The striking influence of small pipe inclinations on the transition to slug flow is documented
in a number of studies. Barnea et al. (1980) examined air—water flows with upward inclinations
of 0.25, 0.5, 1, 2, 5 and 10° and with downward inclinations of 1, 2, 5 and 10°. Andreussi and
Persen (1987) carried out studies with air and water flowing in a 5 cm pipe which was inclined
downward at 0.65° and 2.1° and Stanislav et al. (1986), with air and water flowing in a pipe
with upward inclinations of 0-9°. Grolman et al. (1996) developed flow regime maps for
upflows at angles between 0.1 and 6° in pipes with diameters of 0.026 and 0.051 m for air/
water and air/tetradecane systems at atmospheric conditions. These studies show that higher
liquid flow rates are required to produce slugs in downflows. For upflows, the opposite is the
case; for an inclination of only +1°, the stratified region in a flow regime map shrinks to a
very small bell-shaped area (Grolman et al., 1996).

These results have been interpreted with stability analyses for horizontal stratified flow by
arguing that the critical #/D for a given Usg would be the same in horizontal and inclined
flows. For downflows this would require a larger liquid flow; for upflows, a smaller liquid flow.
This approach has been used successfully by Barnea et al. (1980), Stanislav et al. (1986) and
Kokal and Stanislav (1989). The results presented in this paper were obtained for smaller
downward inclinations, 0.2, 0.5 and 0.8°, than had been studied previously. The experiments
were performed in a pipeline with a diameter of 0.0763 m and a length of 23 m. Air/water
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flows at atmospheric pressure were used. Liquid holdup measurements were made
simultaneously at multiple locations along the pipe. A number of surprising results were
obtained.

2. Theory

The classical inviscid Kelvin—Helmholtz analysis of a stratified flow considers an infinitesimal
wave at the interface of two inviscid fluids which, for the case considered here, have a gas with
velocity U and a liquid with velocity i (Milne-Thomson, 1968). If viscous effects are neglected,
the following equation relates the wave velocity, C, to the wavenumber, k = 2n/A, for flow
between two parallel plates:

kpy (i — C)* coth khy + kpg(U — C) coth khg = g cos 0(pL — pg) + ok (1)

Here, hg is the height of the gas layer, A ,the height of the liquid layer, pg, the gas density,
pp, the liquid density, g, the acceleration of gravity, 0, the inclination angle, and o, the surface
tension. Instability occurs when the destabilizing effects of liquid inertia and gas phase pressure
variations 180° out of phase with the wave height are larger than the stabilizing effects of
gravity and surface tension. The wave velocity in Eq. (1) is complex,

C=Cr+iC; (2)

Waves will grow or decay depending on the sign of C;. The condition C; = 0 defines neutral
stability, where Eq. (1) gives

- h tanh(k/;G) 0 tanh(k};L)
(U — )= "S|g cos O(p, — + Ko = + 56 = 3
P [g (PL — PG) ] e o ki )
The real part of the wave velocity is
¢y = Upah + iipih @)
pLhG + hipg

If one considers long wavelength waves, for which ki <« 1 and khg < 1, and if pg/pL 18
considered to be small, Eqgs. (3) and (4) simplify to the following relations for the initiation of
an instability:

p(U — W)= P18 oS Ohg (5)
with
Cr

1%

i (6)

Wallis and Dobbins (1973) found that Eq. (5) overpredicts the critical gas velocity, for the
initiation of slugging, by a factor of about 2.
From Egs. (1) and (6), it seen that the inviscid analysis predicts that liquid inertia is neither
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stabilizing nor destabilizing. Lin and Hanratty (1986a, 1986b) and Wu et al. (1987) introduced
the influence of a shear stress at the gas—liquid interface and a resisting stress at the wall. This
produced values of Cr which are different from u and a destabilizing influence of liquid inertia.

Lin and Hanratty (1986a, 1986b) adapted this viscous analysis to the more complicated case
of flow in a circular pipe. The simplified representation of the geometry presented by Govier
and Aziz (1972) was used. The interface was assumed to be flat and to have a length of S;. The
lengths of the segments of the pipe circumference that are in contact with the gas and with the
liquid are Sg and S;. The areas covered by gas and liquid are Ag and Ay. The height at the
center of the stratified liquid is 4.

A plug flow is assumed. Because long wavelength waves are considered, a shallow water
assumption is made, so that the pressure variation in the liquid at a given x-location is given
by

p=Pi+pL(h—y)gcos 0 (7)

where P; is the gas phase pressure at the interface and p is the pressure in the liquid. The
equations of conservation of mass and momentum are given as

BAL a(LIAL)
— =0 8
ot ax ®
d(uA (w4 AL (9P dh 1
(uL) + (u L) = ——L< + pL.g cos 9—) + —(1iS; — twSL) + ALg sin 0 9)
at 0x oL\ 0x 0x oL

Here, u is the liquid velocity, 7; is the stress at the interface and 1y, is the stress at that portion
of the wall that is in contact with the liquid. The quantities in this equation are assumed to be
given by the sum of mean and fluctuating contributions. Thus,

AL = A, + Ay exp ik(x — Cr) (10)

where k is the wavenumber, C is the complex wave velocity and Ay is the amplitude of the
disturbance. Eq. (8) gives a relation between the amplitude of the fluctuations in the liquid
velocity, y, and Ar

A _ AL

iy = (C— )= 11

L i (11

The flow is assumed to be fully-developed so that the time mean momentum balance is

AL oP; 1
_ALOn L

S ox s (%iS; — Ty SL) + Arg sin 0 (12)
L L

If the disturbances are assumed small the following equation is obtained from Egs. (8), (9),
(11) and (12):
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ik P, - _h
k(€ — Y= -4 S dik2 g cos 0
PL AL L

(13)

WL TS Siti St TS TwSL

pL/IL pL/IL PL/iL PL/iL PL/iL pLz‘iL

Here, (7/Ay) = dh/d Ay, (Si/A1)=dS;/dA;, and (Si/A1)=dS; /dA;. At neutral stability C = Cg
is real. The real and imaginary parts of Eq. (13) give two equations:

CR 2 /IL PiR g/iL cos 0 ;}l\ Si %iI SL %WI
- T—l = — - —_72,\——1— S~ S (14)
u pLu” Ay u Ay kpoi Ay kppis A
- Py TS R - = Tw _ S .S
OZAL/CA—II—FT— L—T— +S1’E,\—R—SLT,\—R+T1A——TWA—L (15)
L AL AL L AL AL AL

Equations similar to Egs. (8) and (9) can be written for the gas phase if a long wavelength

assumption is made:
04dg | 0(UAg)
a1t ax

0 (16)

AUAg) N a(U24g) _@(api

- ox

1
— 1.5 — 188 17
Y ox G )+PG( T 85G) (17)

where U is the gas velocity, 4g, the cross-sectional area occupied by the gas, 7;, the interfacial
stress and tg, the resisting stress on the portion of the wall bathed by the gas. A disturbance of
the form

Ag = /iG + AIG exp ik(x — Cr) (18)

with /iG — —A4; is introduced. Eq. (16) gives a relation between the amplitude of the
fluctuations in the gas velocity and Ag.

N

b= (-0 _(g_od (19)
Ag G

The following equations for P and Py are obtained from Egs. (17) and (19):

P; 2 St Sg
IR _Po) _(cp—g)y—2i i _ 26T 20)
Ay Ac pck A, PGk Ay

21)

Py 1 |%r= Ter= TS 78S 1|58 7S
A, kAg

—_—A—S1+A—SG+ — + — = = =
AL L AL AL kAG AG AG
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where the mean momentum balance

- 9P -
AG = —TiDj — TBSG (22)
0x

was used to eliminate the mean pressure gradient.
For the range of conditions considered in this paper Egs. (14) and (20) give

- A

0=p.(Cr— ﬁ)2+$PG(U - CR)z_gALpLCOS Qi (23)
Ag AL
where (U — Cr) = U and (/iL/ﬁ) = dA; /dh. Eq. (23) defines a critical gas velocity, U, for the
initiation of a long wavelength disturbance. The first term represents the destabilizing effect of
liquid inertia and the third, the stabilizing effect of gravity. For an inviscid flow, Cg = u and
liquid inertia has no influence. However, for very long wavelength waves the stresses, 7;, 7, and
g need to be considered in order to obtain a wave velocity to substitute into Eq. (23).
Therefore, the wave velocity, Cg, in Eq. (23) is calculated from Eqgs. (15) and (11). The terms
Tir,» Twr, and Tpr are obtained by making the pseudo-steady state assumption, that the same
relation for t; and tg exists both for the disturbed and undisturbed flows:

| |
Ty = 5,oLfLuZ B = E,onGU2 (24)
where f; and fg are given by the Blasius equation
fi =0.0791Re;*  f5 =0.0791Reg"* (25)

The Reynolds numbers are defined by

Drii DgU

ReL = — ReG = (26)
VL VG
where Dy and Dg are hydraulic diameters,
44 44g
DL =— = 27
FTS TS+ S @7)
The relation for t; is
1 - 2
T = Epcfi(U— Cr) (28)

The interfacial friction factor, f;, can be larger than the friction factor for a smooth surface, f; ,
which is given by Eq. (25). Wave velocities obtained in this way are similar to what is found
for the kinematic waves defined by Lighthill and Whitham (1955). Details of this analysis may
be found in the paper by Lin and Hanratty (1986a).
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3. Experiments

3.1. Flow facility

The pipeline used in this study was constructed from Plexiglas to allow visual observations.
The pressure at the outlet was atmospheric. The air flow was forced through an orifice located
5 pipe diameters upstream of the entry section. The velocity of the air through this orifice
approaches the local velocity of sound. Consequently, downstream variations in the gas phase
pressure caused by the formation of slugs do not strongly affect the inlet air flow.

Measurements of the variation of the liquid holdup and wave properties were obtained with
a liquid conductance technique. A probe, consisting of two chromel wires, traverses the
diameter of the pipe vertically. When a signal is applied to one of the wires, the conductance
between the two wires is dependent upon the volume fraction of liquid between the wires. Each
conductance wire was calibrated individually to compensate for differences in probe
construction. Conductance measurements were converted into an equivalent s/D, where £ is
the liquid height at the bottom of the pipe.

Pressure fluctuations associated with the passage of a slug were measured using a
piezoresitive pressure transducer mounted flush with the wall. A characteristic pressure pulse
reveals the passage of a slug, as described by Lin and Hanratty (1986b) and Fan et al. (1993a,
1993b). This method of identifying slugs is useful at large gas velocities where the liquid is
highly aerated and measurements from conductance probes cannot distinguish large amplitude
waves from slugs.

The conditions required to initiate slug flow were investigated for 1 < Usg <7 m/s in a
0.0763 m diameter pipe for downwardly inclined flows. The mechanism designed by Williams
(1990) could incline the pipeline between +2 and —2° from the horizontal with a high degree
of accuracy. The pipeline was supported at a number of locations by pipe racks attached to a
90 ft. beam. The beam was supported by a series of lifting stations and a stationary pivot point
at one end of the beam. Each lifting station consisted of a support bed, a pair of screw jacks,
and a pair of rollers. The rollers support the beam and allow the point of contact between the
roller and the beam to change once the beam is inclined. The five lifting stations were
synchronized so that the beam remains straight as it is inclined. This is accomplished by a gear
system, powered by a single 0.25 HP AC motor, that drives each lifting station at a rate
necessary to keep the beam straight.

It is imperative that the pipe segments supported by pipe racks are the same distance from
the beam. The racks were first adjusted to be at the same height. Then, the leveling is
improved by introducing a wavy stratified flow into the pipeline and adjusting the heights of
the pipe racks so that no hydraulic gradients exist. Of particular concern are gradients that
may occur at the connection of two pipe segments, since large amplitude interfacial waves
experience a noticeable change in wave velocity as the waves translate through a misaligned
pipe section.

Williams (1990) used a simple pipe tee to contact the air and water at the beginning of the
pipeline, where water was introduced in the run and air was introduced in the branch. When
the pipeline was declined, this method of introducing the phases resulted in large flow
disturbances inside the pipe tee at flow conditions necessary to produce slugging. The initiation
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of slugs from disturbances originating inside the pipe tee was suppressed by elevating the entry
section above the height of the rest of the pipe segments. Williams found this to be effective in
eliminating disturbances for declinations up to 0.2°. For larger declinations, the liquid flow
required to initiate slugging was too large for this procedure to dampen inlet disturbances. As
a result, all the slugs at large declinations were found to be initiated very close to the entry.

These observations by Williams (1990) motivated the use of the mixing section shown in
Fig. 1. An insert of height /¢ separates the two phases until the first pipe segment at L/D =
0 is reached. The insert is tapered at a small angle. Five entry sections were constructed, each
with a different value of /¢, When the pipeline is operated with a slug flow, an entry was
chosen that introduced the liquid flow at the approximate height required to initiate slugging at
the prevailing flow conditions. This prevents hydraulic gradients downstream of the entry; i.e.,
the height of liquid is approximately constant throughout the pipeline for flow conditions close
to the transition to slug flow.

The conductance probes were located at L/D = 4, 60, 106, 140, 190, and 192. Measurements
of wave velocities of small wavelength waves were determined from measurements with two
probes that were 0.152 m apart at the end of the pipline, at L/D =190 and 192. Wave
velocities of long wavelength waves were determined by examining the cross correlation
functions of wave height measurements from probes separated by a longer distance. The
pressure fluctuations in the gas flow were measured with a pressure transducer at L/D = 142.
The passage of a slug is associated with a large increase in the gas phase pressure.

4. Results
4.1. Effect of pipe declination on transition lines

Fig. 2 shows the effect of declination on the stratified-slug transition for downflows. The
inlet pictured in Fig. 1 was used. The open circles denote the liquid flow required to initiate a

Pressure Gauge

Py Pz/
? ]

Air —>

Orifice Plate

1 N
T Insert of height hjpqert

Water

Fig. 1. Inlet design used in declination studies.
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Fig. 2. Stratified-slug flow transition boundaries for horizontal flow and downflows.

slug at the end of the pipeline for horizontal flow. As the declination increases, the liquid flow
required to initiate slugging increases. At low gas velocities, the critical liquid flow in a pipe
with 6 = —0.8° is approximately four times the value for a horizontal pipeline. This shows that
gravity plays a dominant role at low gas velocities. At Usg > 5 m/s, the transition is weakly
sensitive to declination, suggesting that the inertial effects of the gas flow overcome the
stabilizing effects of gravity.

For all of the experiments in Fig. 2, the flow at the end of the pipe was well developed. Fig. 3
provides measurements of the mean //D over the length of the pipeline at the onset to slug
flow when Usg = 2.4 m/s. The liquid was introduced at the inlet with #/D = 0.60. Each of the
declined flows became well developed close to the entry, as indicated by the small changes in
the liquid layer height after L/D = 30.

The increase in pipe declination is accompanied by an increase in the height of liquid
required to initiate slugging, as indicated in Fig. 4. For constant Usg, a large increase in the
critical height, A, is observed when the pipe is declined from the horizontal to § = —0.2°. The

T ]
[a) [
I 04t Liquid is introduced at B
= | WD=060atL/D=0 1
0.3 ¢ —— 6 = 0.0°U, =0.14ms -
02 [ g =-02°, Uy =033 mss |
o1 b —— 0 =-05, U, =053ms |
; ke g = - 0.8, U = 0.64 mls
O b v e
0 50 100 150 200 250

Fig. 3. Mean liquid height as a function of distance from the inlet and pipe inclination at the onset to slugging
(USG =24 m/s)
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critical Usg is not the same as for horizontal flows at the same /#/D, as was presupposed by
the authors. Declination is seen to stabilize the liquid layer. For Usg > 5 m/s, A is insensitive
to pipe inclinations between 6 = 0.0° and —0.8°.

4.2. Effect of pipe declination on wave properties at the transition to slug flow

4.2.1. Low gas velocities

For horizontal air—water flows, the interface at the onset to slug flow is characterized by
large amplitude regular waves. The properties of these waves are documented by Fan et al.
(1993a, 1993b). At low gas velocities, prior to the initiation of slugs, these regular waves have a
frequency of 5 Hz, a wavelength of 15-20 cm and amplitudes of 1-2 cm. As the pipeline is
declined, the gas-liquid interface is smoother at the transition to slug flow. Fig. 5 compares
conductance measurements for a 10 s period at L/D = 190 for three different declinations, at
the transition to slug flow for Usg = 1.6 m/s. The measurements for a horizontal flow show the
waves observed by Fan et al. The interface is much smoother for inclinations of —0.2 and
—0.5°.

Fig. 6 presents wave spectra obtained at different distances from the inlet for a horizontal
stratified flow at Usg = 1.6 m/s and Usy = 0.17 m/s. The power spectral density function
G.(f) is defined as

2
Gef) = ZE[S«NP] (29)
where the quantity S.(f) is the finite Fourier transform
1 r —i2mnft
Sv(f) = =— | h()e™ "' dt (30)
2n 0

and T is the period of the wave height time series /(¢). The spectral functions in Fig. 6, and
subsequent figures, are normalized with the mean square, 2, of the time series. At L/D = 60,

0.8 U T I L — T
0.7 | s E
F @
0.6 * o & -
A 0.5 F ) . ]
~ I O, ]
,'_c: 0.4 | o OAD ]
03+ ° 9 = 00° o
0.2 , 9 =-02° E
For e =-05°
0.1 F
P 8 =-08°
0 PR SR N S SRR PR P S SR T
0 1 2 3 4 5 6
USG (m/s)

Fig. 4. Mean liquid height at the onset to slug flow as a function of Usg and inclination.
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most of the energy resides in waves with frequencies of 10—12 Hz. As these waves translate
downstream, they resonate with waves with half their frequency. The outcome of this process is
a wave with a frequency of 5-6 Hz at the end of pipe. This wave can become unstable and
develop into a slug if the liquid layer is thick enough.

Fig. 7 presents wave spectra for stratified flows before the onset to slug flow when the pipe is
declined. The gas velocity is the same as for the data, in Fig. 6, for Usg = 1.6 m/s. The wave
instability mechanism documented by Fan et al. is not observed, in that the wave energy is
evenly distributed over a large range of frequencies, 0.1-7.0 Hz.

Fig. 8 shows conductance results for a slug flow for 0 = —0.5°, Usg = 2.4 m/s and Ugy =
0.59 m/s. The measurements are shown for a 50 s duration at L/D = 35, 60, 106, 190. For this
flow condition, slugs are initiated periodically in the middle of the pipeline (L/D ~106—140).
The measurements at L/D = 190 show that six slugs pass this station in 50 s; i.e., f; = 0.12 s~ .
The y-axis for the measurements at L/D = 35 and 60 shows heights between /D = 0.5 to 0.75.
A low frequency, small amplitude wave is observed at L/D = 60. The vertical arrows indicate
the crests of these waves. Six crests are observed in 50 s; the frequency of this long wavelength
wave equals the frequency of slugging observed downstream. It should be noted that the liquid
flow is supercritical, Frp = 1.4; the long wavelength waves are not propagating upstream as

0.8 a) horizontal, USL= 0.17 m/s

0.7
2 06 W
=
0.5}
044 2 4 6 8 710
time (sec)
0.8 b)6=-02° U, =040 ms
0.7
2 06
=
0.5
0.4 - : : : —
0 2 4time (sec)6 8 10
0.8f ¢) §=-0.5°U_=0.63m/s
SL

0.7 W NAMAAAAN A i AP AAAAWAANSN i W AA NI
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=

0.5

049 2 8 10

4time (sec) 6

Fig. 5. Effect of inclination on the wave height measurements at L/D = 190 for Usg = 1.6 m/s.
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depression waves associated with slug formation, as observed in horizontal flows at low gas
velocities; that is, Fr, <1 (Woods, 1998). The f; =0.12 s~! wave in Fig. 8 is translating
approximately at 1.5 m/s. The calculated correlation function between L/D = 60 and 106 is
shown in Fig. 9. Since the two peaks in Fig. 9 are separated by 9's, 4 = 12 m.

The slugs shown in Fig. 8 originate from interfacial disturbances propagating periodically
downstream. The long wavelength waves grow in amplitude until a local instability develops at
a crest. An example of this behavior is given in Fig. 10, which shows eight images obtained
from a video camera. Each of the images was obtained approximately 1/30th of a second after
the prior image. These photographs cover a small length compared to the A of 12 m.
Consequently, the crest appears as a flat surface. The interface in Fig. 10(a) is smooth. A small
wavelength instability, observed at the far right in the second frame, is seen to grow in
amplitude in Fig. 10(c) and (d). This instability forms a slug in Fig. 10(f) and (h). Slugs are
thus suggested to be the result of a local instability that develops at the crest of a long

) a) L/D =60
; 0.1 4 El
o E
T
O 0.01 | J
0.001 R R R !
0.01 0.1 1 10
frequency (Hz)
] b) L/D =106
3 E
> o1l ]
-
= 0.01 L
@)
0.001 L
0.0001 - ! ! el
0.01 0.1 1 10
frequency (Hz)
| OLD=140
N i
2-' 0.1 L
: [
=, 0011
o i
0.001 | ]
0.0001 - Y
0.01 0.1 1 10
frequency (Hz)

Fig. 6. Measurements of G (f' ) at L/D = 60, 106, and 140 for Usg = 1.6 m/s, Us, = 0.17 m/s, and 6 = 0.0°.
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wavelength wave. This mechanism was observed in channel flow experiments by Kordyban
(1985) and by Kordyban and Ranov (1970), who photographed the initiation of slugs triggered
by mechanically generated long wavelength waves.

4.2.2. High gas velocities

Fig. 11 presents measurements, for Usg = 4.4 m/s and a liquid flow close to that needed for
the onset of slugging, of the liquid holdup at L/D = 190 for four different declinations. Many
large amplitude waves exist on the gas—liquid interface for the 0 = 0.0° and —0.2°. However,
for 0 = —0.5° and —0.8° the interface is much smoother. For the horizontal flow, the 5 Hz
small wavelength waves that are responsible for the formation of slugs at low gas velocities are
observed to exist at the beginning of the pipeline. However, the liquid height at this Usg
(h/D~0.35) is not large enough for these waves to grow into a slug. The wave crests tumble
and form roll waves as they propagate downstream. A concentration of wave energy at 5-6 Hz
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1 F T T AR |
o
=
>~ .
Z o001 L i
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0.001 ! w Ll
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Fig. 7. Measurements of G.(f' ) at L/D = 106, 140, and 190 for Usg = 1.6 m/s, Us, = 0.63 m/s, and 0 = —0.5°.
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Fig. 8. Liquid holdup measurements at Usg = 2.4 m/s and Usp, = 0.59 m/s for 6 = —0.5°.
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Fig. 9. Correlation function between liquid holdup profiles at L/D = 60 and 106 at Usg = 2.4 m/s and Ugy = 0.59
m/s for § = —0.5°.
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is not observed in spectra at /D = 106 and 140. The initiation of slugging in a horizontal pipe
under these conditions is associated with the coalescence of roll waves (Fan et al., 1993a,
1993b; Woods and Hanratty, 1996). The interface for 6 = —0.5° and —0.8° is smooth.

As the gas velocity is increased, the effect of declination upon the wave structure becomes
less. This is illustrated in Fig. 12 for Usg = 5.5 m/s at a liquid velocity near the onset of slug
flow. Roll waves are observed for horizontal flow and for all inclinations.

5. Discussion

It is surprising that the large amplitude, small wavelength waves observed at the onset to
slug flow in a horizontal pipe are not observed at the onset of slug flow for 6 < —0.2°. At this
time, the reason for this behavior is not understood. However, an explanation needs to take
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Fig. 10. Initiation of a slug at Usg = 2.4 m/s, Usy, = 0.59 m/s for § = —0.5°.
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into consideration that flows in inclined pipes, at a fixed Usg and /i/D, differ from flows in
horizontal pipes in that the liquid velocity is larger. This will be associated with a larger wave
velocity and a larger wall resistance.

The results show that both long wavelength and small wavelength waves play roles in the
initiation of slugs in downflows. Visual observations and experimental data suggest that the
slugs evolve from small wavelength waves that suddenly form at the crests of slowly growing
long wavelength waves. The small wavelength waves (~2 cm) are affected by both gravity and
surface tension. Consequently, the stability of these waves should be given by a classical
Kelvin—Helmholtz analysis. The curves in Fig. 13 were calculated by solving the inviscid
neutral stability relations, (3) and (4), along with the equations describing the equilibrium
condition for a stratified flow. The neutral stability curves in Fig. 13(a) show a critical Ugg at
which a wavelength of approximately 1-3 cm becomes unstable. This critical wavelength is
relatively insensitive to //D; it corresponds to a critical current velocity (U —u), of
approximately 6.9 m/s, that is insensitive to the height of the liquid (Fig. 13(b)). The video
images in Fig. 10 show a small amplitude wave, whose wavelength is approximately 2 cm,
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Fig. 11. Effect of pipe inclination upon the liquid holdup measurements at L/D = 190 at the onset to slug flow for
USG =44 m/s.
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becoming unstable. The dimensionless height at the crest of the long wavelength, shown in
Fig. 8, is h/D = 0.64. For this height, U and & are 7.5 and 0.87 m/s. The value of U — i at the
crest of the long wavelength waves roughly corresponds to the critical current velocity needed
to produce a classical KH instability.

Fig. 14(a) compares theoretical values of i2/D at neutral stability with experimental data for
0 = —0.5°. The thick dashed curve is the prediction for a classical KH instability. A
wavelength of 1.5 cm is used in this calculation since this is the most unstable wave (Fig. 13).
The prediction of Taitel and Dukler (1976) is given by the dotted curve. Results from the long
wavelength viscous analysis of Lin and Hanratty (1986a, 1986b) in Section 2, are given by the
solid line. The ratio f;/f; in the viscous analysis is taken to be unity. For small gas velocities, a
lower //D is required to produce unstable long wavelength viscous waves than is required for
small wavelength inviscid KH waves. Long wavelength waves are observed for stratified flow
prior to the appearance of slugs, as indicated by the results in the previous section.

Even though slug formation occurs through a local inviscid KH instability, this theory does
not accurately predict transition boundaries; the predicted value of Ugp at the transition to
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Fig. 12. Effect of inclination upon the liquid holdup measurements at L/D = 190 at the onset to slug flow for
USG =55 m/s.
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slug flow are too high when compared to experimental data. This is indicated in Fig. 14(b)
which shows experimental and predicted values of Usp required to initiate slug flows for 0 =
—0.5°. The viscous analysis of Lin and Hanratty provides the best agreement with the
experimental data. Thus, the stability of the observed long wavelength waves define the
transition to slug flow.

For flow conditions prior to the observation of slugs in declined flows, growth of long
wavelength waves is observed. Since the growth of these waves is small, slug flows are expected
to be observed at values of Ugp slightly below the transition boundary shown in Fig. 2 if a
longer pipeline were used in the experiments. Consequently, the lower curve in Fig. 14 should
define the initiation of slug flows in very long pipelines.

The calculations in Fig. 14 were carried out by assuming a flat profile. Shape factors are
defined as
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Fig. 13. Neutral stability curves using an inviscid analysis.
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I =
lZAZL

Juz dA (1)

where I' =1 corresponds to a plug flow. Values of I' are plotted in Fig. 15. Details of this
calculation are given in the thesis of Woods (1998). Lin and Hanratty have shown that an
approximate correction can be made to Eq. (14) to account for the errors in assuming a plug
flow, by making the following substitution:

2 2
(S 1) (@) (%) o o
u u u

This correction is used in the comparison of measurements with the long wavelength viscous
stability analysis in Fig. 16. Values of f;/f; used in these calculations were obtained from
experiments. The long wavelength theory on viscous instability is found to provide a good
prediction for the onset of slugging for all of the values of 0 that were studied.

Values of Cy obtained from the long wavelength theory are compared with measurements in
Fig. 17. Perfect agreement cannot be expected since observations necessarily require finite
amplitude waves. For inclined flows these are the velocities of the long wavelength waves,
obtained from cross correlation measurements, such as shown in Fig. 9. Value of Cyr for
horizontal flows represent the f = 5 Hz waves observed at the onset of slugging.

Shoham (1982) studied air—water flows in inclined and declined pipes with diameters of 2.5
and 5.1 cm. Fig. 18 compares Shoham’s observations of the transition from stratified to slug
flow with the long wavelength stability analysis. Reasonably good agreement between theory
and experiments is obtained using I' = 1 and f;/f; = 1.0.

6. Summary and conclusions

Results from this study show that waves of the type observed by Fan et al. (1993a, 1993b) in
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Fig. 16. Comparison of viscous linear stability predictions of values of Usp. needed to initiate slug flows with
experimental data (I'#£L.f;/fs#1).
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Fig. 17. Comparison of viscous linear stability predictions of the wave velocity C with experimental data

(TALA/fAD).

a horizontal pipe are completely suppressed at —0.2°, as has been previously reported by
Andreussi and Persen (1987). The transition to slug flow was found to be associated with the
appearance of very long wavelength waves (4 =2 5-10 m); the frequency of slugging is equal to
the frequency of these waves. The transition to slugging is found to be described by a viscous
long wavelength analysis that directly accounts for the influence of declination. Photographic
studies of the transition process support the suggestion of Kordyban (1985) that actual slug
initiation occurs through a local Kelvin—Helmholtz instability of small wavelength waves on
the crest of long wavelength waves. Thus, the instability is triggered by the long wavelength
waves. This result could provide a resolution of the paradox presented by the measurements of
Fan et al. (1993a, 1993b) in a horizontal pipe.
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Fig. 18. Comparison of viscous linear stability predictions with results of Shoham (1982) for 6 = —1.0°.
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