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Effect of Drag-Reducing Agent
on Slug Characteristics in
Multiphase Flow in Inclined
Pipes
The effect of drag-reducing agtmt (DRA) on multiphase .flow in upward and downward
inclined pipes has been .studied. The effect of DRA o~ pressure dr?p ~nd slug charac-
teristics such as slug translational velocity, the heIght of the lIquid jilm, slug fr~-
quency, and Froude number have .been d~terr:zi~d. Experiments were performed m
10-cm i.d., 18-m long plexiglass pIpes at mcllnatlons oJ 2 and 15 deg fo: 50 perc~nt
oil-50 percent water-gas. The DRA effect was ex.am~ne~for co'!c.entratzonsrangmg
from 0 to 50 ppm. Studies were done for superjiczallzquld velocitIes bern:eer:0.5 and
3 mls and superficial gas velocities between 2 and 10 mls. The results zndlcate that
the DRA was effective in reducing the pressure drop for both up.flowand ~own.flow
in inclined pipes. Pressure gradient reduction of up to 92 percent for ~tra~ijied.flow
with a concentration of 50 ppm DRA was achieved in 2 deg downw~rd ~nc~znedflo~.
The effectiveness of DRA for slug flow was 67percent at a superfi.cla~llquU!velOCIty
of 0.5 mIs and superficial gas velocity of 2 mIs in 15 deg upward mclznedpIpes. Slug
translational velocity does not change with DRA concentrations. The slug frequency
decreasesfrom 68 to 54 slugs/min at superjicialliquid velocity of 1mIs and superficial
gas velocity of 4 mls in 15 deg upward inclined pipes as .the conce~t~ation of 50
ppm was added. The height of the liquid jilm decreased with the additIOn of DRA,
which leads to an increase in Froude number.

Introduction

It is well known that the addition of a small amount of drag-
reducing agent (DRA) can reduce the pressure drop in pipeline.
Numerous studies of drag reduction have been performed for
about 50 yr. The simultaneous flow of multiphase (oil/gas and
oil/water/gas) mixtures is a common occurrence in oil and gas
pipelines. The pressure drop in these pipelines can be a very
significant problem since many oil wells are located in remote
sites. However, there is a conspicuous absence of drag reduction
work for these multiphase flow pipelines. There are a number
of advantages to DRA use in multiphase pipeline. These benefits
of DRA include the reduction of operation costs such as pump-
ing power and shutdown of pump station, increased production,
and reduction in corrosion rate.
Reddy (1986) examined the effect of the pressure drop for

single-phase flow using several drag-reducing agents in 2.5-cm
pipeline. He reported that maximum drag reduction of 40 per-
cent using Xanthangum was obtained in the recirculatory flow
at 16 gpm flow rate.
Rosehart et al.(1972) have shown the effect of DRA in

single and two-phase flow in 2.5-cm-dia horizontal pipes. They
indicated that slug translational velocity was unchanged with
the presence of polymer by visual observation. However, no
measurements were made. They also reported that the slug fre-
quency at low polymer concentrations was the same as for the
air/water system, while the slug frequency at higher polymer
concentrations decreased.
The effect of DRA in IO-cm i.d. system for single and three-

phase oil/water/gas flow has been studied by Kang et al.
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(1998). They reported that DRA was effective in reducing the
pressure gradients in different flow patterns such as full pipe
flow, stratified flow, slug flow, and annular flow. They also
showed that the flow pattern was changed in horizontal pipes
as DRA was added.
Jepson and Kouba (1989) have shown that there are different

types of slugs. They also reported that the strength of the slug
is proportional to the Froude number calculated in the liquid
film ahead of the slug. The equation is as follows:

F. V, - Vu
r = ~gheff

Kang et aI. (1998) have studied the effect of DRA on corrosion
and slug characteristics in multiphase flow pipeline. They have
shown that slug translational velocity does not change with
DRA concentrations. .
Effectiveness of DRA can be defined as follows:

Eft' • LlPwithout DRA - LlPwith ORAlectIveness = ---------_
LlPwithout ORA

Experimental Setup
The experiments have been performed in an 18-m long, 10-

cm-dia, low-pressure, inclinable flow loop shown in Fig. 1. A
water-oil mixture is stored in a 1.2-m3 stainless steel storage
tank (A). The tank is equipped with stainless steel heating and
cooling coils to maintain a constant temperature. The oil-water
mixture is then moved through the system using a 76-hp stain-
less steel, low-shear progressive cavity pump (B). The variable
speed pump controls the liquid flow rate.
Carbon dioxide gas from a 20,000 kg storage tank (D) is

introduced into the system through a 5-cm-dia black pipeline.
The gas flow rate is metered using a variable area flow meter.
The oil-water-gas mixture is mixed at a tee junction (C). The
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Fig. 1 Experimental layout of the flow loop

multiphase mixture then flows through a 3-m long flexible hose
(F), which allows the inclination to be set at any angle. The
multiphase mixture then flows into an 18-m long plexiglass
pipeline (lO-cm diameter) where flow pattern, pressure gradi-
ent, and slug characteristics are measured. The multiphase mix-
ture then returns to the tank. Gas is vented to the atmosphere
and the liquid is recirculated.
A Panasomc super-VHS camera is used to obtain detailed

data regarding slug characteristics such as slug translational
velocity, slug frequency, and the height of the liquid film. The
pressure gradient is measured along a 6-m length of the pipeline
for both upward and downward flow using pressure tappings
(E) connected to Sensotec pressure transducers.
Superficial liquid velocities between 0.5 and 3 mls and super-

ficial gas velocities between 2 and 10 mls were examined. Oil
with a viscosity of 2.5 cP at room temperature was used in this
study. Carbon dioxide was used as the gas. A water cut of 50
percent was used for the experiments. The temperature was
maintained at 25°C. Oil soluble ORA was used. The effective-
ness of ORA was studied for three concentrations (0, 10, and
50 ppm).

Results
Figure 2 shows a plot of effectiveness for 50 ppm ORA

concentration at superficial 'liquid velocities between 0.5 and 3
mls and superficial gas velocities between 2 and 10 mls in 2
deg downward inclined pipes. It can be seen from this figure that
ORA was effective at all superficial liquid and gas velocities.

---- Nomenclature

At a superficial liquid velocity of 0.5 mls and superficial gas
velocities of less than 4 mis, stratified flow regime is observed
and the effectiveness is over 90 percent. The effectiveness gen-
erally decreases with increasing superficial liquid velocity at
the same superficial gas velocity. For example, the effectiveness
at a superficial gas velocity of 2 mI s decreases from 92 to 34
percent with increasing superficial liquid velocity from 0.5 to
3 mI s. At superficial gas velocity of 4 mI s and higher, slug
flow regime occurs at all superficial liquid velocities and the
effectiveness is lower than 50 percent.
Figure 3 shows a plot of the pressure gradient results with

10 and 50 ppm ORA concentrations in 15-deg upward inclined
pipes at superficial liquid velocity of 0.5 mI s. It is seen that
the pressure gradient decreases with ORA concentrations at
all superficial velocities. The pressure gradient without ORA
increases from 500 to 1417 Palm with an increase of the super-
ficial gas velocity from 2 to 8 mls. The pressure gradient de-
creased from 1417 to 1333 Palm as the superficial gas velocity
increased from 8 to 10 mls. This is due to a transition to pseudo-
slug flow. The pressure gradient decreases from 767 to 533 Pal
m, from 833 to 567 Palm and from 1417 to 1250 Palm at
superficial gas velocities of 4,6, and 8 mis, respectively, when
10 ppm ORA is added. A much better performance is obtained
with addition of 50 ppm ORA. The pressure gradient decreases
from 500 to 167 Palm, from 767 to 400 Palm, from 833 to 500
Palm, from 1417 to 1083 Palm, and from 1333 to 1167 Palm
at superficial gas velocities of 2, 4, 6, 8, and 10 mis, respec-
tively. These correspond to an effectiveness of 67,48,40,24,

~P IL = pressure gradient, Palm
i.d. = inside diameter, m

ORA = drag-reducing agents
V,l = superficial liquid velocity, mls
V,g= superficial gas velocity, mls

v, == slug translational velocity, mls
VLF = velocity of film ahead of slug,

mls
heff = effective height of film
g = acceleration due to gravity, mI s 2

Fr = Froude no.
~P withom DRA = pressure drop without

presence of ORA, Pa
D.P with DRA = pressure drop with pres-

ence of ORA, Pa
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Fig.2 Effectiveness of 50 ppm DRA-2-deg downward flow
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Fig.3 Pressure gradient versus superficial gas velocity-V oJ = 0.5 ml
s, 15-deg upward flow

velocity of 0.5 mls are shown in Fig. 4. At the superficial gas
velocity of less than 6 mI s, stratified flow regime is observed .
At a superficial gas velocity of 2 mis, the pressure gradient for
stratified flow decreases from 183 to 133 Palm for a concentra-
tion of 10 ppm DRA and to 117 Palm when increasing DRA
concentration to 50 ppm. These correspond to an effectiveness
of 27 and 36 percent, respectively. Slug flow regime occurs at
a superficial gas velocity of greater than 6 mls. At superficial
gas velocities of 6 and 8 mis, the pressure gradient decreases
from 417 to 383 Palm and from 467 to 433 Palm as 10 ppm
DRA was added. When the DRA concentration is increased to
50 ppm, there is a significant increase in performance. At the
same superficial gas velocities, the pressure gradient decreases
from 417 to 233 Palm and from 467 to 250 Palm with 50 ppm
DRA concentration. It can be seen from Figs. 3 and 4 that the
pressure gradient in upward flow is greater than that in down-
ward flow for the same conditions. At a superficial gas velocity
of 6 mI s, the pressure gradient for upward flow is 833 Palm,
while the pressure gradient for downward flow is 417 Palm.
This is because liquid film thickness for upward is higher than
that for downward flow.

Figure 5 shows a plot of pressure gradient results with DRA
concentrations at a superficial liquid velocity of 2.0 mls in 15-
deg downward inclined pipes. At a superficial gas velocity of
greater than 5 mis, slug flow regime is observed. At superficial
gas velocities of 6, 8, and 10 mis, the pressure gradient de-
creases from 1917 to 1800 Palm, from 2167 to 2000 Palm, and
from 2667 to 2000 Palm, respectively, as 10 ppm DRA is added.
When the concentration of DRA is increased to 50 ppm, the
pressure gradient decreases from 1917 to 1500 Palm, from 2167
to 1667 Palm and from 2667 to 1833 Palm, respectively, at the
same superficial gas velocity.
Figure 6 shows a plot of slug translational velocity versus

superficial gas velocity for each DRA concentration at a super-
ficialliquid velocity of 0.5 mls in 15-deg upward inclined pipes.
It is seen that DRA does not have any effect on slug velocity.
Slug velocity increases from 3.2 to 12.2 mls with an increase
of superficial gas velocity from 2 to 10 mls.

Figure 7 shows a plot of the effect of DRA on slug frequency
at superficial liquid velocity of 1 mls in 15-deg upward inclined
pipes. The slug frequency does not change much as 10 ppm
DRA is added. However, it is seen that the slug frequency
decreases for 50 ppm DRA concentration. The slug frequency
decreases from 71 to 64 slugslmin, from 68 to 54 slugslmin,
and from 63 to 48 slugslmin at superficial gas velocities of 2,
4, and 6 mis, respectively. At higher superficial gas velocity of
8 mis, the slug frequency does not change.
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and 13 percent, respectively. It can be seen from these results
that the effectiveness of DRA at lower superficial gas velocities
is much greater than that at higher superficial gas velocities.

Results of the pressure gradient for stratified flow and slug
flow in 15-deg downward inclined pipes at superficial liquid
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15-deg upward flow

Fig.8 Froude number versus superficial gas velocity-V s/ = 0.5 mIs,
15-deg upward flow

Figures 8 and 9 show plots of Froude number versus superfi-
cial gas velocity with DRA concentrations at superficial liquid
velocities of 0.5 and I mis in 15-deg upward inclined pipes. It
is seen that Froude number increases with DRA concentrations
in all cases. This is due to the fact that the height of the liquid

film is reduced and the liquid is spread around the pipe wall as
DRA concentration is added, which leads to an increase of
Froude number. For example, the height of the liquid film at a
superficial liquid velocity of 0.5 mi s and a superficial gas veloc-
ity of 4 mis decreases from 4.1 to 3.8 cm and from 4.1 to 3.6
cm with 10 and 50 ppm DRA concentrations, respectively. It
is seen from Fig. 8 that Froude number at a superficial gas
velocity of 6 mi s increases from 16 to 17.3 and from 16 to 19
for DRA concentrations of 10 and 50 ppm DRA, respectively.
It is seen from Fig. 9 that Froude number at a superficial gas
velocity of 4 mis increases from 10.2 to 10.9 and from 10.2 to
12, respectively, when 10 and 50 ppm DRA are added. It is
also seen that Froude number at a superficial liquid velocity of
0.5 mis is higher than that at a superficial liquid velocity of 1.0
mi s in all cases. The reason is that the liquid at low liquid
velocity can roll back down the pipe due to gravity forces.

Conclusions
Experiments have been carried out to examine the perfor-

mance of DRA in three phase (50 percent oil-50 percent water-
carbon dioxide gas) flow in 10 cm i.d. upward and downward
inclined pipes.

The pressure gradient for stratified flow was decreased by 92
percent with 50 ppm DRA concentration at a superficial liquid
velocity of 0.5 mi s and superficial gas velocity of 2 mi s in 2-deg
downward inclined pipes. The effectiveness of DRA generally
decreases with increasing superficial liquid velocity for same
superficial gas velocity .

The DRA was effective in reducing the pressure gradients in
multiphase flow in 15-deg. upward and downward inclined
pipes. A much better performance with 50 ppm DRA is obtained
under all conditions studied. At the superficial liquid velocity
of 0.5 mis and superficial gas velocity of 4 mis, the effective-
ness of DRA was 30 and 48 percent with 10 and 50 ppm,
respectively.

DRA does not have any effect on the slug velocity. The slug
frequency does not change much for a concentration of 10 ppm
DRA. However, the slug frequency decreases at the superficial
liquid velocity of 1 mis and superficial gas velocities of less
than 6 mis when the DRA concentration is increased to 50 ppm.

The height of the liquid film decreases with DRA concentra-
tion, which leads to an increase in Froude number. Froude
number increases from 13.9 to 15 and from 13.9 to 16.2 for
DRA concentrations of 10 ppm and 50 ppm.
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