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Effect of Drag-Reducing Agent
on Slug Characteristics in
Multiphase Flow in Inclined
Pipes

The effect of drag-reducing agent (DRA ) on multiphase flow in upward and downward
inclined pipes has been studied. The effect of DRA on pressure drop and slug charac-

teristics such as slug translational velocity, the height of the liquid film, slug fre-

quency, and Froude number have been determined. Experiments were performed in
10-cm i.d., 18-m long plexiglass pipes at inclinations of 2 and 15 deg for 50 percent
0il-50 percent water-gas. The DRA effect was examined for concentrations ranging
from 0 to 50 ppm. Studies were done for superficial liquid velocities between 0.5 and
3 m/s and superficial gas velocities between 2 and 10 m/s. The results indicate that
the DRA was effective in reducing the pressure drop for both upflow and downflow
in inclined pipes. Pressure gradient reduction of up to 92 percent for stratified flow
with a concentration of 50 ppm DRA was achieved in 2 deg downward inclined Sflow.
The effectiveness of DRA for slug flow was 67 percent at a superficial liguid velocity
of 0.5 m/s and superficial gas velocity of 2 m/s in 15 deg upward inclined pipes. Slug
translational velocity does not change with DRA concentrations. The slug frequency
decréasgs from 68 to 54 slugs/min at superficial liquid velocity of 1 m/s and superficial
gas velocity of 4 m/s in 15 deg upward inclined pipes as the concentration of 50

ppm was added. The height of the liquid film 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 10-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:

Ve - Vis
Vgheﬂ'

Kang et al. (1998 ) have studied the effect of DRA on corrosion
and slug characteristics in multiphase flow pipeline. They have

Fr =

shown that slug translational velocity does not change with

DRA concentrations.
Efchtiver_xcss_of DRA can be defined as follows:

APwi!houtDRA - APwid\DRA

Effectiveness =
AP without DRA

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-0il mixture is stored in a 1.2-m® 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 Jjunction (C). The
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Fig. 1 Experimental layout of the flow foop

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 (10-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 Panasonic 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 m/s and super-
ficial gas velocities between 2 and 10 m/s 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 DRA was used. The effective-
ness of DRA was studied for three concentrations (0, 10, and
50 ppm).

Results

Figure 2 shows a plot of effectiveness for 50 ppm DRA
concentration at superficial fiquid velocities between 0.5 and 3
m/s and superficial gas velocities between 2 and 10 m/s in 2
deg downward inclined pipes. It can be seen from this figure that
DRA was effective at all superficial liquid and gas velocities.

Nomenclature

At a superficial liquid velocity of 0.5 m/s and superficial gas
velocities of less than 4 m/s, 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 m/s decreases from 92 to 34
percent with increasing superficial liquid velocity from 0.5 to
3 m/s. At superficial gas velocity of 4 m/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 DRA concentrations in 15-deg upward inclined
pipes at superficial liquid velocity of 0.5 m/s. It is seen that
the pressure gradient decreases with DRA concentrations at
all superficial velocities. The pressure gradient without DRA
increases from 500 to 1417 Pa/m with an increase of the super-
ficial gas velocity from 2 to 8 m/s. The pressure gradient de-
creased from 1417 to 1333 Pa/m as the superficial gas velocity
increased from 8 to 10 m/s. This is due to a transition to pseudo-
slug flow. The pressure gradient decreases from 767 to 533 Pa/
m, from 833 to 567 Pa/m and from 1417 to 1250 Pa/m at
superficial gas velocities of 4, 6, and 8 m/s, respectively, when
10 ppm DRA is added. A much better performance is obtained
with addition of 50 ppm DRA. The pressure gradient decreases
from 500 to 167 Pa/m, from 767 to 400 Pa/m, from 833 to 500
Pa/m, from 1417 to 1083 Pa/m, and from 1333 to 1167 Pa/m
at superficial gas velocities of 2, 4, 6, 8, and 10 m/s, respec-
tively. These correspond to an effectiveness of 67, 48, 40, 24,

AP/L = pressure gradient, Pa/m
1.d. = inside diameter, m

DRA = drag-reducing agents
V, = superficial liquid velocity, m/s
V,, = superficial gas velocity, m/s

m/s
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V. = slug translational velocity, m/s
Ve = velocity of film ahead of slug,

hese = effective height of film
g = acceleration due to gravity, m/s>

Fr = Froude no.
AP inoupra = pressure drop without
presence of DRA, Pa
AP unpra = pressure drop with pres-
ence of DRA, Pa
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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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velocity of 0.5 m/s are shown in Fig. 4. At the superficial gas
velocity of less than 6 m/s, stratified flow regime is observed.
At a superficial gas velocity of 2 m/s, the pressure gradient for
stratified flow decreases from 183 to 133 Pa/m for a concentra-
tion of 10 ppm DRA and to 117 Pa/m 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 m/s. At superficial
gas velocities of 6 and 8 m/s, the pressure gradient decreases
from 417 to 383 Pa/m and from 467 to 433 Pa/m 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 Pa/m and from 467 to 250 Pa/m 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 m/s, the pressure gradient for upward flow is 833 Pa/m,
while the pressure gradient for downward flow is 417 Pa/m.
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 m/s in 15-
deg downward inclined pipes. At a superficial gas velocity of
greater than 5 m/s, slug flow regime is observed. At superficial
gas velocities of 6, 8, and 10 my/s, the pressure gradient de-
creases from 1917 to 1800 Pa/m, from 2167 to 2000 Pa/m, and
from 2667 to 2000 Pa/m, 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 Pa/m, from 2167
to 1667 Pa/m and from 2667 to 1833 Pa/m, 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-
ficial liquid velocity of 0.5 m/s in 15-deg upward inclined pipes.
It is seen that DRA does not have any effect on slug velocity.
Stug velocity increases from 3.2 to 12.2 m/s with an increase
of superficial gas velocity from 2 to 10 m/s.

Figure 7 shows a plot of the effect of DRA on slug frequency
at superficial liquid velocity of 1 m/s 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 SO ppm DRA concentration. The slug frequency
decreases from 71 to 64 slugs/min, from 68 to 54 slugs/min,
and from 63 to 48 slugs/min at superficial gas velocities of 2,
4, and 6 /s, respectively. At higher superficial gas velocity of
8 m/s, the slug frequency does not change.
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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 1 m/s 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
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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 m/s and a superficial gas veloc-
ity of 4 m/s 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 m/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 m/s 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 m/s is higher than that at a superficial liquid velocity of 1.0
/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 0il-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 m/s and superficial gas velocity of 2 m/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 m/s and superficial gas velocity of 4 m/s, 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 m/s and superficial gas velocities of less
than 6 m/s 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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This newly released Compact Disk (CD) from ASME contains all the journal literature in mechanics that was abstracted by
Applied Mechanics Reviews for the last nine years from over 450 international journals. The CI is in its third release. The
price for ASME members is $249 with $100 annual renewal. Institution price is $499, with a $250 annual renewal. The
software is available for PCs running Windows, but can also be run satisfactorily on MACs using Windows simulation sofware.
This release contains all data from the previous CD as well as that of the past year (1989-1997). The intent is to release a new
CD annually in March, each year adding another year’s worth of data. )

The CD can be used on a local area network (LAN) for access by 10 simultaneous users. Additional licenses can be
purchased for $67.50 each to bring that capability up to as many as 127 simultaneous users.

This is an excellent source of information for all engineers whose work relates to mechanics. In minutes, one can search the
literature on just about any subject related to mechanics and obtain a list of articles, their citing, authors, author addresses as
well as abstracts. This took several weeks if not months just a few years ago. o

The database presents all the bibliographic information in the same format of the published journal. The full review articles
usually published in the journal itself are not included on the CD. However, the abstracts of those AMR articles are included.
One can use two major methods to search for articles. The first is to use the Query button. This will open a window in which a
keyword can be entered. These keywords can relate to a subject being investigated, an author, a country, a university, or other
information needed. Several keywords can be used at the same time using the logical expressions ‘and’, ‘not’ as well as “or’ to
expand or narrow the search results. The second method to do a search is by using the templates. A typical template contains
the AMR issue and year, article ID, author, keyword in the abstract, as well as other information. One may fill in the
information partially or completely to obtain all the articles related to the criteria on which he or she is searching. Researchers
familiar with the AMR Classification Scheme designations can also make a useful search of those codes to target journal

articles on a specific subject area.

The software also comes with other features that will make the search easier. For example, one can choose to view all of the
search results (hits) in one document. This document can be printed directly from within the software. Other features include
backtrack which allows the user to navigate through previous queries made in one search. Other features like copy and paste,
will allow one to attach a certain component to your word processing document. Features like Bookmark, Highlighter, and
Note, will allow one to add a note to a special article, or highlight it. To make full use of these features, the user can create a
Shadow File which functions like an invisible overlay. One can create a Note over a certain bibliographic record which can
later be saved to diskette. The original CD remains untouched. In the user’s next session, he can open up the database along
with his Shadow File, and all of his notes will still be there for referral.

The software is of great value to all engineers, researchers, educators, and journal editors. An engineer can use it to find if
any research has been done on a problem of interest. For example, one author of this review was recently involved in a project

about the vibration of electric motors.

Using the software, a query made with the keywords ‘vibration,” ‘clectric,” and ‘motor’ revealed 17 papers on the subject.

One must be careful and should enter possible combinations of a certain word. A civil engineer may be interested in finding
out if any research has been done on vibration of concrete beams. He can enter the keywords vibration or vibrations and
concrete and beam or beams, and press the apply button to obtain a list of the 13 papers which appeared in the past nine years
on the subject. Such a task could have taken weeks if the same engineer was to search every issue of AMR for the subject. As
shown before, the searcher should be careful and input all the possible combinations of a word to achieve his objective. With
the use of the logical expressions ‘and’ and ‘or,’ this is indeed a simple task.

Literature reviews should be easier with this software. The last address of an author can also be found relatively easily using
this software. This information is important for researchers, as well as journal editors who may be looking for appropriate
people to review or referee articles on a particular subject. The editors could do a search for authors of recent articles on the
same subject who may make a good reviewer or referee. Complete author addresses are included in the AMR bibliographic
citations, making it easy to contact the prospective reviewer/referee. The advantages of the AMR Infobase are particularly
noticed when returning to other literature data bases, such as Engineering Index and InSpec, for topics not covered in AMR.

If issues of AMR prior to 1989 were also included, it would make the search more comprehensive. With current computer
technology like Optical Character Recognition (OCR), this may not be a difficult task. Finally, issuing an Apple version would
be of considerable help to the Apple/Macintosh users, since it would be a pleasure not dealing with additional simulation

software and the idiosyncrasies of Windows.

These reviewers recommend that libraries and engineering departments purchase the AMR Infobase of Journal Literature on
CD-ROM for use on their LAN. Individual researchers may also want to purchase the CD. The cost of the CD is minimal
when considering the time saved doing searches. In addition, having a personal copy of the CD gives much quicker results

when compared to online searches.
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