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a b s t r a c t

In this work, the drag reduction by gas injection for power-law fluid flow in stratified and slug flow
regimes has been studied. Experiments were conducted to measure the pressure gradient within air/CMC
solutions in a horizontal Plexiglas pipe that had a diameter of 50 mm and a length of 30 m. The drag
reduction ratio in stratified flow regime was predicted using the two-fluid model. The results showed
that the drag reduction should occur over the large range of the liquid holdup when the flow behaviour
index remained at the low value. Furthermore, for turbulent gas-laminar liquid stratified flow, the drag
ower-law fluid
as–liquid flow
orizontal pipes

reduction by gas injection for Newtonian fluid was more effective than that for shear-shinning fluid,
when the dimensionless liquid height remained in the area of high value. The pressure gradient model
for a gas/Newtonian liquid slug flow was extended to liquids possessing the Ostwald–de Waele power
law model. The proposed model was validated against 340 experimental data point over a wide range of
operating conditions, fluid characteristics and pipe diameters. The dimensionless pressure drop predicted
was well inside the 20% deviation region for most of the experimental data. These results substantiated
the general validity of the model presented for gas/non-Newtonian two-phase slug flows.
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. Introduction

Many studies have been focused on the drag reduction phe-
omenon in the gas–liquid system in the last decades because of
cademic and industrial interests. Drag reduction can be formed by
dding drag reduction agent (DRA) into a fluid, which would lead
o a reduction in the two-phase pressure drop when the gas and
iquid flow rates are fixed [1–5]. Another phenomenon that can
e defined as the drag reduction is the injection of gas into non-
ewtonian liquid, especially for pseudoplastic liquids, at a given

iquid flow rate [6–14]. The present study focuses on the latter
ystem by using the two-fluid modeling. The earliest study con-
erning this phenomenon was carried out by Ward and Dallavalle
6], who injected air into clay suspensions flowing in the laminar
egime. The drag reduction phenomenon can be expressed by the
imensionless pressure drop:
2
l = �Ptp

�Psl
(1)

� = 1 − ˚2
l (2)
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here ˚2
l is the dimensionless pressure drop, ˚� is the drag reduc-

ion ratio, �P is the pressure drop and the subscripts tp, and sl
efer to the two-phase and the superficial liquid phase, respectively.

hen the drag reduction occurred, ˚2
l < 1 or ˚� > 0, which meant

hat two-phase pressure drop was smaller than that of the liquid
hase flowing on its own at the same flow rate.

Most of traditional models predicted the drag reduction and
iquid holdup in horizontal pipes based on the flow pattern.
or stratified flow, the Heywood and Charles [6] extended the
odel of Taitel and Dukler [15] for gas/Newtonian liquid strat-

fied flow to liquids obeying the Ostwald–de Waele power law
odel, and defined conditions for drag reduction of the liquid flow

y the presence of the gas. According to Heywood and Charles’s
odel, provided that liquid phase flows in a laminar, drag reduc-

ion should occur over the largest ranges of liquid and gas flow
ates at the low n values. However, they did not carry out the
xperiments to verify the model. Bishop and Deshpande [7] stud-
ed the power-law (shear thinning) liquid–gas uniform stratified
ow using the model of Heywood and Charles. However, the
wo-phase drag reduction could not be obtained because there

as a transition to semi-slug flow before the model criteria was

eached.
Farooqi et al. [8] described the rheological behaviour of the sus-

ensions as the Bingham plastic model and extended the Duker
nd Hubbard model [16] to predict the extent of drag reduction
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Nomenclature

A cross-sectional area (m2)
D pipe diameter (m)
f friction factor
g acceleration of gravity (m/s2)
G the mass flux (kg/(m2 s))
h fluid level (m)
ll liquid film zone of length (m)
ls liquid slug zone of length (m)
lu slug unit of length (m)
m1 fluid consistency coefficient (Pa sn1 )
n1 flow behaviour index
�P pressure drop (Pa/m)
Re Reynolds number
S pipe perimeter (m)
T ratio of the liquid slug zone of length to the slug unit

of length
u mean velocity (m/s)
ud drift velocity (m/s)
X2 Lockhart–Martinelli parameter

Greek symbols
˛ liquid holdup
ε absolute pipe roughness (m)
�eff effective viscosity (Pa S)
� density (kg/m3)
� shear stress (Pa)
˚� drag reduction ratio
˚2

1 dimensionless pressure drop

Subscripts
g gas phase
i interface
l liquid phase
m mixture velocities of the superficial gas and liquid

phases
s liquid slug
sg superficial gas phase
sl superficial liquid phase
tp two-phase
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n the slug flow regime. The results showed that the drag reduc-
ion effect became progressively more marked as both the yield
tress and plastic viscosity parameters increased with increas-
ng suspension concentration. Afterward, Farooqi and Richardson
9] performed experiments on two-phase flow with both kaolin
uspensions in water and water–glycerol mixtures. An empirical
elationship between the minimum drag ratio and a dimension-
ess factor �c was presented for the estimation of the maximum
eduction in pressure drop at a given liquid velocity. By analyzing
he same experimental data, Dziubinski [10] presented a general
xpression of drag ratio for two-phase pressure drop of gas/non-
ewtonian fluid based on the concept of loss coefficient during

he intermittent flow. In recent researches, Ruiz-Viera et al. [11]
bserved the drag reduction phenomenon during slug flow of a
ubricating grease/air mixture using different geometries with both

mooth and rough surfaces. The experimental data showed that
rag reduction appeared to be dramatic by injecting relatively

ow flow rates of air, even more as liquid flow rate decreases.
n addiction to these, Xu et al. [12] studied the co-current flow

b
d
e
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haracteristics of air/power-law fluid systems in inclined smooth
ipes using transparent tubes of 20, 40 and 60 mm in diame-
er. In their works, the Heywood–Charles model was modified
or horizontal flow to accommodate stratified flow in inclined
mooth pipes. However, the drag reduction was not studied in
etail.

In the chemical, oil and process industries, non-Newtonian liq-
ids, especially pseudoplastic (power-law) liquids, are encountered
requently through pipelines over long distances. The pressure
rop is one of the most important factors in hydraulic transport
f gas–liquid flow. The effect of gas injection on the hydraulic
ransport of power-law fluid in a horizontal pipe is twofold. First,
t forms a variety of flow patterns. Secondly, it may reduce or
ncrease the pressure gradient in two-phase flow in comparison

ith the conventional hydraulic transport of single fluid, depend-
ng on the physical properties and input fluxes of the two phases,
nd the size of pipe. The reduction of the pressure gradient is of
ractical importance from an economic viewpoint since it may
educe the pumping energy of the fluid in long pipelines. Under
ome conditions, available quantities of gas with associated liq-
id could be transported without building a new pipeline or
erhaps without increasing pump horsepower. For example, off-
hore production has necessitated transportation of both gas and
iquid phases over long distances before separation. Conversely,
tudy of the drag reduction is helpful to design the process equip-
ents. The purpose of this study was to explore the effect of gas

njection on the hydraulic transport of non-Newtonian power-law
uid in horizontal pipes. To this end, one-dimensional hydrody-
amic models were formulated for predicting the holdup and the
ressure drop for stratified and slug flow patterns. The proposed
odels were tested extensively against a large set of available

xperimental data in this work and others reported in the litera-
ure.

. Hydrodynamic modeling

.1. Stratified flow in horizontal pipes

Assuming a fully developed stratified flow, the integral forms
f the momentum equations for the two fluids are written for the
iquid and gas phase as follows (Fig. 1a):

Al

(
dp

dx

)
tp

− �lSl + �iSi + Al�lg
dhl

dx
− A

d(Glul)
dx

= 0 (3)

Ag

(
dp

dx

)
tp

− �gSg − �iSi + Ag�gg
dhg

dx
− A

d(Ggug)
dx

= 0 (4)

here A, h and S are the cross-sectional area, the fluid level and the
ipe perimeter, respectively. G is the mass flux, g is the acceleration
ue to gravity, � is the shear stress and � is the density. The sub-
cripts tp, g, l and i refer to the two-phase, gas phase, liquid phase
nd interface, respectively, eliminating the pressure drop by com-
ining Eqs. (3) and (4), and ignoring the acceleration terms, yields
relation F that can be used to calculate the liquid holdup, ˛l, by

olving for the liquid height, hl:

= �g
Sg

Ag
− �l

Sl

Al
+ �iSi

(
1
Al

+ 1
Ag

)
− ��gD

∂hl/D
∂˛l

∂˛l

∂x
(5)
Provided that F = 0 with ∂˛l/∂x = 0, the equilibrium holdup can
e obtained from the holdup relation (5). By designating the
imensionless quantities by a tilde (∼), a general dimensionless
xpression is given in the case of a uniform film thickness for strat-
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Fig. 1. Schematic description

fied flow:

X2

(
S̃lũ

n1
l

ÃlD̃
n1
l

)
− S̃gũ2−m

g

ÃgD̃m
g

− fi
fg

ũ2−m
g

D̃m
g

(
1 − q

ũl

ũg

)∣∣∣∣1 − q
ũl

ũg

∣∣∣∣(
S̃i

Ãl
+ S̃i

Ãg

)
= 0 (6)

here q = usl/usg; ũl = ul/usl and ũg = ug/usg; D̃l = Dl/D and
˜ g = Dg/D; S̃l = Sl/D, S̃g = Sg/D and S̃i = Si/D; Ãl = Al/D2 and
˜g = Ag/D2. The dimensionless variables in Eq. (6) are func-
ions of the dimensionless liquid height, h̃l = hl/D. X2 is the
ockhart–Martinelli [17] parameter defined by

2 = �Psl

�Psg
(7)

he Fanning friction factors are defined by

g = fg
�gu2

g

2
; �l = fl

�lu
2
l

2
; �i = fi

�g(ug − ul)|ug − ul|
2

(8)

he liquid and gas friction factors in a smooth pipe can be approx-
mated by

l = Cl Re−n
l ; fg = Cg Re−m

g (9)

here Cl = Cg = 0.079, n = m = 0.25 for turbulent flow, and Cl = Cg = 16,
= m = 1 for laminar flow. The Reynolds number for the gas phase
s Newtonian fluid is defined by

eg = Dgug�g

�g
(10)

or non-Newtonian liquid phase the rheological behaviour obeys
he commonly encountered Ostwald–de Waele power law model.
he appropriate Reynolds number is defined as

eMR = Dn1
l u2−n1

l �1

8n1−1K
, K = m1

(
1 + 3n1

4n1

)n1

(11)

Once a solution has been obtained for h̃l by Eq. (6), the liquid
oldup and the dimensionless pressure drop can be given respec-
ively as

= 1 − 1
	

[
cos−1(2h̃l − 1) − (2h̃l − 1)

√
1 − (2h̃l − 1)

2
]

(12)

2
l = 1

	

(
S̃l

ũn1
l

D̃n1
l

+ S̃g
1

X2

ũ2−m
g

D̃m
g

)
(13)

2
Provided fi = fG [15], using Eq. (6) to eliminate X in Eq. (13)
ields:

2
l = K ′ ũn1

l

D̃n1
l

(14)

i

u

w
u

stratified and (b) slug flows.

here

′ = S̃l

	

×
{

1 + S̃g/Ãl[
(S̃g/Ãg) + (1 − q(ũl/ũg))|1 − q(ũl/ũg)|((S̃i/Ãl) + (S̃i/Ãg))

]
}

(15)

here ˚2
l is only function of the dimensionless liquid height (h̃l) if

is known as the ratio of liquid flow rate to gas flow rate.

.2. Slug flow in horizontal pipes

In the slug unit of length, lu, consists of two separate sections: the
iquid slug zone of length ls and the film zone of length ll (Fig. 1b).
ssuming that the film contains no entrained gas bubbles and a
niform film along the film zones, the average pressure gradient in
slug unit is obtained by performing a momentum balance over a
lobal control volume of the slug unit:

dp

dx

)
tp

= 2
fs
D

�su2
s

ls
lu

+ 4
	D2

ll
lu

(
fg�gu2

g

2
Sg + fl�lu

2
l

2
Sl

)
(16)

here �s = (1 − ˛s)�g + ˛s�l is the average density within the liquid
lug. ˛s refers the liquid holdup in the liquid slug. For non-
ewtonian materials in smooth pipes, fs is the liquid slug friction

actor, which is calculated in the same way as for fl with the liquid
lug Reynolds number given by

es = Dn1 u2−n1s �s

8n1−1K
(17)

In addition to the above parameters the turbulent friction factors
l, fg and fs in Eq. (16) should be specified in a commercial pipe. The
ollowing relations have been used [18]:

k = 0.001375

[
1 +

(
2 × 104 ε

Dk
+ 106

Rek

)1/3
]

(18)

here k represents liquid phase, gas phase or liquid slug, and ε is
he absolute pipe roughness.

The liquid and gas mass balances over the slug unit yield:

sl = 1
lu

(lsus˛s + llul˛l) (19)

sg = 1
lu

[lsus(1 − ˛s) + llug(1 − ˛l)] (20)

According to Taitel and Barnea [18], the aerated liquid slug veloc-

ty, um is evaluated by

m = usl + usg (21)

here um is the mixture velocities of the superficial gas and liq-
id phase. A gas mass balance relative to a coordinate system that
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oves with a translation velocity, ut yields:

1 − ˛l)(ut − ug) = (1 − ˛s)(ut − um), ut = cum + ud (22)

here c is related to the liquid velocity profile ahead of the elon-
ated bubble, c = 1.2 for turbulent flow and c = 2.0 for laminar flow.
d is the drift velocity, following Bendiksen’s proposition [19]:

d = 0.54
√

gD (23)

The liquid holdup, ˛, over a slug unit is

= ˛s − 1
ut

(usg − (1 − ˛s)um) (24)

here ˛s = 1
1+(um/8.66)1.39 [20].

Considering Eqs. (19) and (20), the ratio of the liquid slug zone
f length to the slug unit of length is expressed by

= ls
lu

= usl − ul˛l

us˛s − ul˛l
(25)

Eqs. (5), (8), (9) or (18–20) and (22) result in a set of six simul-
aneous equations that contain six unknowns. Thus, the average
ressure gradient in a slug unit can be solved analytically by sub-
tituting the equations to Eq. (16). Then the dimensionless pressure
rop can be expressed in a slug flow:

2
l = ˚s + ˚f (26)

here

s = 2(fs/D)�su2
s (ls/lu)

2(fsl/D)�slu
2
sl

,

˚f = (4/	D2)(ll/lu)((fg�gu2
g/2Sg) + (fl�lu

2
l /2Sl))

2(fsl/D)�slu
2
sl

(27)

here ˚s and ˚f are the dimensionless pressure drop in the liquid
lug and in the film zone, respectively.

. Description of the experiments

The experimental investigation in this work was conducted in
he setup shown in Fig. 2. Air came from a compressor pump via gas

ass flow meter. Polymer solutions used as the liquid phases were

onveyed from liquid phase tank into the pipeline. Liquid phase
nd gas phase were fed into the pipeline via a T-junction. The vol-
metric flow rates of all phases could be regulated independently
nd were measured by thermal mass flow meter for air phase and
lectromagnetic flow meter for polymer solutions. The multiphase

w
p
t
o

Fig. 2. Schematic of t
Journal 147 (2009) 235–244

ow pipeline was manufactured of perspex tubing with an inter-
al diameter of 50 mm through which the flow could be observed.
he total length of this pipeline between the entrance and the
eparation unit was approximately 30 m. The pipeline consists of
wo horizontal legs with a leg length of 10 and 14 m, respectively,
onnected by a horizontal U-turn. The sampling frequency of the
ressure was 500 Hz and a total of 60,000 samples, which corre-
ponded to 2 min sampling time, were collected. The liquid holdup
as measured using two rapid closing valves, which were full open-

ng ball valves with inside diameters equal to the inside diameter
f the pipe so that the flow was not disturbed by passing through
he open valves. After the valves were closed, the amount of liquid
rapped between the valves was measured to determine the holdup.
ollowing the propositions of Nydal et al. [21] and Andreussi et al.
22], the average slug unit of length was approximately equal to
0 D when superficial gas velocity was less than 6 m/s. The diame-
er of pipe on this loop was 0.05 m. Therefore, the distance between
he valves was fixed on 2 m. Furthermore, the operation time of two
apid closing valves was 0.5 s. This provided sufficient short time to
easure accurately the holdup and the fluctuation of mean value

mong the three sets of data was around 5%. Flow patterns were
ecorded using a high-speed video camera, and the flow patterns
or each test condition were recorded and could be observed later in
low motion. A total of 180 experimental tests had been conducted
or the following conditions: superficial liquid velocity from 0 to
.42 m/s, superficial gas velocity from 0 to 2.59 m/s and input liquid
hase cuts from 0 to 100%.

Tap water was used as Newtonian liquid phase and four differ-
nt concentrations CMC (carboxymethyl cellulose) solutions used
s non-Newtonian fluid. Solutions were prepared by adding small
uantities of dry polymer powders accompanied by gentle stirring
o prevent the formation of lumps. The density of each solution
as measured using a constant volume density bottle. The CMC

heology experiments are measured with a ThermoHaake RS300
heometer. A double gap cylinder sensor system with an outside
ap of 0.30 mm and an inside gap of 0.25 mm was used. As expected,
MC solutions in this study were shear-thinning fluids whose rhe-
logy can be described by Ostwald–de Waele power law model.

= m1(
̇)n1 (28)
here 
̇ is the shear rate, m1 and n1 are two empirical curve-fitting
arameter and are known as the fluid consistency coefficient and
he flow behaviour index, respectively. The values of m1, n1 and
ther properties of the CMC solutions are given in Table 1.

he test facility.
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Table 1
Physical properties of the liquid phase measured at 20 ◦C and 0.1 MPa

Liquid phase Concentration (kg/m3) Density, � (kg/m3) Fluid consistency coefficient, m1 (Pa sn1 ) Flow behaviour index, n1

Water – 997.0 0.001 1.000
CMC-1 solution 0.5 999.9
CMC-2 solution 2.0 1000.0
CMC-3 solution 2.5 1000.2
CMC-4 solution 3.5 1000.4
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Fig. 6 shows the liquid holdup for power law liquids as a function
of the Lockhart–Martinelli parameter, X2, in stratified flows. It is
shown that q has a minimal effect on a in the range of relatively
high X2 values in a laminar-liquid and a turbulent-gas flow. For
ig. 3. The effect of the flow behaviour index (n1) on the drag reduction ratio, ˚2
�

,
n horizontal stratified flow.

. Results and discussion

.1. Drag reduction in stratified flow

The drag reduction ratio as predicted by introducing the Eq. (13)
o Eq. (2) is presented in Fig. 3 for various n1 values. It can be seen
hat over the range 0.1 < ˛ < 0.8 ˚� increases as n1 is decreased
rom 1.0 to 0.1, but for a high value of ˛ the reverse is true. The
rag reduction occurs over the greatest range of ˛ at the lowest
1 values. However, Fig. 3 also reveals the interesting result that
he maximum drag reduction ratio occurs at the highest n1 value.
hus, the drag reduction by gas injection for Newtonian fluid in a
aminar flow should be more effective than that for shear-shinning
uid, when the dimensionless liquid height remains in the area of
igh value.

Provided that q and n are known, the effect of variation in h̃ on
he drag reduction ratio can be calculated by using the Eq. (13).

hen the drag reduction ratio reach the maximum value, h̃ may be
btained by the differentiation of Eq. (2) as

∂˚�

∂h̃
= ∂(1 − ˚2

l )

∂h̃
= 0 (29)
here ˚� is only the function of h̃. Thus, the maximum drag reduc-
ion ratio can be obtained by the Eq. (29). Values of important
ariables in Fig. 3 are presented in Table 2 when the maximum
rag reduction takes place.

able 2
alues of important variables in Fig. 3 under constant q = 0.01

low behaviour
ndex, n1

Maximum drag
reduction, ˚�
(%)

Dimensionless
liquid height, h̃

Liquid holdup, ˛

.1 25.7 0.675 0.718

.3 24.5 0.774 0.830

.5 25.4 0.817 0.875

.7 26.5 0.840 0.897
28.6 0.861 0.916

F
g

0.034 0.952
0.407 0.765
1.365 0.595
2.434 0.535

The drag reduction ratio,˚�, as a function of the ratio of liquid
ow rate to gas flow rate (q) is plotted in Fig. 4. For a given n1, ˚�

ecreases slightly as q is increased. The curve is approximatively
inear. It can be seen from Fig. 4 that, for a high value h̃, both the q
nd the n1 have a minimal effect on ˚�.

Furthermore, the influence of n on ˚� may be also given by the
ifferentiation of Eq. (2):

∂˚�

∂n
= −K ′ log

(
ũl

D̃g

)
ũn1

l

D̃n1+1
g

(30)

In previous works, Heywood and Charles [6] assumed that the
verage gas velocity is always larger than the average liquid velocity
nd �i is in the positive x direction for the liquid and in the negative
irection for the gas. Thus, K′ can be simplified as

′ = S̃g + S̃i

S̃i + (	/4)(S̃i/Ãl)
> 0 (31)

However, in the present study, this postulate condition is not
dopted because in practice the gas velocity might be larger
r smaller than the liquid velocity depending on input condi-
ions. Fig. 5 shows the comparison results between the theoretical

ethod in this work and the Heywood and Charles model for pre-
icting the effects of K′ on the liquid holdup. In Fig. 5a, when q = 0.01,
he values of K′ calculated by Eq. (31) is close to those obtained by
q. (15). However, when q is increased, the considerable differences
an be found in Fig. 5b and c. There is an opposite direction jump in
he curve predicted by Eq. (15). The reasons for this truncation point

ay be explained by the fact that the direction of �i depends on the
alue of (1 − qũl/ũg). When the direction of �i is changed, the values
f K′ will jump from negative to positive. Such behaviour can occur
n the transition from two-phase co-current flow to counter-current
ig. 4. The drag reduction ratio, ˚� , as a function of the ratio of liquid flowrate to
as flowrate under constant h̃ = h/D in stratified horizontal flow.
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Fig. 6. The liquid holdup for power law liquids as a function of the
Lockhart–Martinelli parameter, X2, in horizontal stratified flow.

Fig. 7. The effect of the dimensionless diameter (D̃l = Dl/D) on the dimensionless
pressure drop (˚2

l
) for the stratified flow of two-phase.
ig. 5. Comparison between the theoretical method in this work and the Heywood
nd Charles model for predicting the effects of K′ on the liquid holdup.

igh q values, the effect of X2 on ˛ is of minor importance and the
everse is true for low q values. The effect of the dimensionless
iameter (D̃l = Dl/D) on the dimensionless pressure drop (˚2

l ) can
e obtained by Eq. (14) for the stratified flow of two-phase. It can
e seen in Fig. 7 that, for a low value D̃l, the dimensionless diameter
as a prominent influence on ˚2

l and the influence become reduced
radually with D̃l increasing. Moreover, the lower the value of n1 is,
he smaller the value of ˚2

l will be.

In order to validate the method of stratified flow, the exper-

mental data are compared with the results predicted from Eqs.
11) and (12), as shown in Figs. 8 and 9. The results of these com-
arisons indicate good agreement for the liquid holdup data and

Fig. 8. Comparison of the theoretical predictions obtained from Eqs. (12) and (13) for
the average liquid holdup with experimental data in this work and those in Bishop
and Deshpande’ work [7] in horizontal stratified flow regime.
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have been performed depending on the conditions of a Newtonian
fluid, not those of a non-Newtonian fluid, because for the mixture
flow of gas/non-Newtonian fluid, no reliable methods exist for the
calculation of the translation velocity, ut, nor for the liquid holdup
within the liquid slug, ˛s. However, for predicting the average liquid
ig. 9. Comparison of the theoretical predictions obtained from Eqs. (12) and (13)
or the dimensionless pressure drop with experimental data in this work and those
n Bishop and Deshpande’ work [7] in horizontal stratified flow regime.

he dimensionless pressure drop. In Bishop and Deshpande’s work,
wo-phase drag reduction cannot be achieved in stratified flow of
on-Newtonian liquid–gas mixtures. They hypothesized that the
rag reduction was restricted to those situations where stream-

ine flow patterns existed at the head of an elongated bubble so
hat the drag reduction could not exist in liquid–gas stratified flow.
owever, in the present work, it can be seen in Figs. 3 and 9 that

he drag reduction should occur over the large range of the liq-
id holdup when n1 remains at the low value. The reason that the
rag reduction is not observed may be due to the fact that the flow
ehaviour index of non-Newtonian material in their experiments

s not low enough. (n1 = 0.85 in Bishop and Deshpande’ work [7].)

.2. Drag reduction in slug flow

For calculating the pressure drop of gas/Newtonian fluid in a
orizontal slug flow, Orell [23] reformulated the simple submodel
f Taitel and Barnea [18]. In the present study, we carried out a
eries of experiments to study the drag reduction by considering
he Ostwald–de Waele power law model. In addition, a large set of
vailable experimental data over a wide range of operating condi-
ions and pipe diameters in the literature was used to validate the
eveloped model.

A typical plot of the variation of pressure drop with gas flowrate,
g, at constant liquid flow rate, Ql, for different CMC solutions is
hown in Fig. 10. It can be seen that, for air/CMC-3 solution and
ir/CMC-4 solution, the mixture of gas/non-Newtonian liquid in a
ipe enables a significant reduction in the average pressure gradi-
nt to be reached. Fig. 11 illustrates the effects of liquid flow rate
n the drag reduction ratio for air/CMC-4 solution flow. At lower
as flow rate within the range of 1.25 m3/h ≤ Qg ≤ 10.0 m3/h, ˚�

ncreases monotonically with the gas flow rate increasing. How-
ver, the drag reduction ratio tends to reach constant values when
as flow rate is further increased. The reason can be explained by
he fact that, supposing the no slip velocity between the gas and
iquid phases and the homogeneous flow, the Reynolds number of
wo-phase can be obtained via Eq. (11):

eMR = Dum�m (32)

�eff

here um = usg + usl is the mixture velocity, �eff =
1−n1 8n1−1K(usg + usl)

n1−1(n1 ≤ 1) is defined as the “effective
iscosity”. It can be observed from Eq. (32) that, for a fluid of given
heology (coefficient n1 and m1), increasing the superficial gas F
ig. 10. Experimental pressured drop measurements in the fully developed slug
ow conducted in pipelines with different polymer solutions at constant liquid
hase flow rate.

elocity will reduce the effective viscosity so that the frictional
ressure gradient is decreased. However, the gas will always
isturb the flow and there will be additional pressure losses in the
ixture of two-phase flow so that two-phase pressure gradient is

ugmented. Therefore, the drag reduction ratio, ˚�, might show
ifferent tendencies when the gas flow rate increasing, as shown

n Fig. 11. Moreover, the influence of pipe diameter on the pressure
rop can also be studied from Eq. (32). When input fluids flow
ates are fixed, the Reynolds number of two-phase is increased
ith the increase of the diameter pipe so that the friction factor

f) should be decreased. Thus, it can be seen from Eq. (33) that,
ith the diameter pipe increased, two-phase pressure drop will be
ecreased.

Ptp = 2f�mu2
m

D
(33)

The ratio of the liquid slug zone of length to the slug unit of
ength, T, can be calculated using Eq. (25), which plays an important
ole in calculating the pressure gradient of gas–liquid two-phase
ow [23]. It can been found in Section 2.2 that the calculations
ig. 11. Effects of fluid flow rate on the drag reduction ratio for air/CMC-4 slug flow.
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Fig. 12. Effects of superficial velocities on the ratio of the liquid slug zone of length
to the slug unit of length for the constant superficial liquid velocity.

Fig. 13. Comparison of the predicted pressure gradient with the data of Farooqi and
Richardson [9] for air and kaolin suspensions slug flowing in a pipe of 0.0417 m in
diameter (the flow behaviour index, n = 0.175).

Fig. 14. Comparison of the predicted pressure gradient with the data of Chhabra et
al. [14] for Separan AP 30 flowing in a pipe of 0.0417 m in diameter (the flow index,
n = 0.28).
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ig. 15. Comparison of the predicted pressure gradient with experimental data of
hhabra et al. [14] and the present work for air/CMC solutions flowing in a pipe of
.0417 m i.d. and of 0.05 m i.d., respectively (a) the flow index, n = 0.535; (b) the flow

ndex, n = 0.595; (c) the flow index, n = 0.580.

oldup, the model can describe the majority of the experimental
ata within 20% [12]. Fig. 12 shows the effects of superficial veloci-
ies on T for the constant usl. It is illustrated clearly that T decreases

ith superficial gas velocity increasing and increases with superfi-

ial liquid velocity increasing for a given usg.
To calculate exactly the drag reduction ratio, the pressure gradi-

nt of two-phase flow calculated by the model has to be validated
rstly. Fig. 13 displays the comparison of the predicted pressure



eering

g
k
t
i
t
s
u
p
d
a
r
o
t
w
t
t
m
t
a
d

s
a
b
p
p
t
t
t
d

m
s
t
T
fl
d
fi

b
d
s

F
v
i

s
m
2
f
p

5

fl
c
f
T
s
b
i
s
a
o
i
g
i
s

fl
l
T
e
c
b
l
f
g
t

r
p

J.-y. Xu et al. / Chemical Engin

radient with the data of Farooqi and Richardson [9] for air and
aolin suspensions slug flowing. At low superficial gas velocities
he pressure drop decreases as usg is increased. It reaches to a min-
mum value at the critical velocity for the transition from laminar
o turbulent flow. Past this velocity, the pressure gradient increases
teadily. Furthermore, with further increasing the superficial liq-
id velocity at any given usg, both theoretical and experimental
ressure drops become higher over the entire range of the tested
ata. A very good agreement is obtained between the theoretical
nd experimental pressure gradients in the superficial gas velocity
ange of 0–1.0 m/s. However, the data in the high gas velocity range
f 1.0–6.5 m/s are over-predicted by the model. It should be noted
hat the two-phase flow pattern is difficult to keep a shape of slug
hen superficial gas velocity is higher than 3 m/s [24] shows that

he flow of gas–liquid should be in the form of semi-slug flow under
his condition. Thus, although the use of a slug model for all inter-

ittent flow regimes is questionable, in the whole range both the
heoretical curves and the experimental data exhibit the same trend
nd the overall agreement of predicted values with experimental
ata is good.

Fig. 14 shows that the comparison between the predicted pres-
ure gradient and experimental data of Chhabra et al. [14] for air
nd Separan AP-30 flowing in a pipe of 0.0417 m in diameter. It can
e found that the model under predicts the data. The experimental
ressure drops increase rather unevenly and are scattered com-
ared to the calculated theoretical values. The discrepancy between
he theoretical and experimental values may be due to the fact
hat, in additions to shear-thinning characteristics, aqueous solu-
ions of polyacrylamide (Separan AP-30) has finite normal stress
ifferences in steady shearing conditions.

Fig. 15 compares the predicted pressure gradient with experi-
ental data of Chhabra et al. [14] and the present work for air/CMC

olutions flowing in a pipe of 0.0417 m i.d. and of 0.05 m i.d., respec-
ively. An excellent agreement is obtained between theory and data.
he pressure gradient predicted by the model for gas/power-law
uid slug flow, as well as the experimental data, indicate that the
rag reduction by gas injection is more prominent with low super-
cial gas velocities.
Finally, the proposed method for slug flow has been checked
y plotting the experimental values of the dimensionless pressure
rop vs. the predicted ones calculated from Eq. (26). As Fig. 16
hows, the use of Eq. (26) allows a good prediction of the dimen-

ig. 16. Compared between experimental and theoretical obtained from Eq. (26),
alues of the dimensionless pressure drop, for gas/non-Newtonian fluid flow studied
n this work and for others systems reported in the literature.
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ionless pressure drop for the gas/non-Newtonian power-law fluid
ixture flow. Most of the experimental values are well inside the

0% deviation region using 340 experimental data point collected
rom different Refs. [9,11,13,14] including the smooth and rough
ipes.

. Conclusions

An experimental and theoretical study of gas/non-Newtonian
uid flow through the horizontal pipes has been conducted. Spe-
ial attention is given to study the drag reduction by gas injection
or power-law fluid flow in stratified and slug flow regimes.
he method for predicting the maximum drag reduction ratio in
tratified flow regime is presented. The results show that, for tur-
ulent gas-laminar liquid stratified flow, the drag reduction by gas

njection for Newtonian fluid is more effective than that for shear-
hinning fluid when the dimensionless liquid height remains in the
rea of high value. Furthermore, the drag reduction should occur
ver the large range of the liquid holdup when the flow behaviour
ndex remains at the low value. The method for predicting the
as–liquid stratified is validated by the experimental data. Results
ndicate good agreement for the liquid holdup data and the dimen-
ionless pressure drop.

The pressure gradient model for a gas/Newtonian liquid slug
ow is extended to liquids possessing the Ostwald–de Waele power

aw model for studying the drag reduction in slug flow regime.
he proposed models are validated against a large set of available
xperimental data over a wide range of operating conditions, fluid
haracteristics and pipe diameters. A good agreement is obtained
etween the predicted and experimental results. The dimension-

ess pressure drop predicted is well inside the 20% deviation region
or most of the experimental data. These results substantiate the
eneral validity of the model presented for gas/non-Newtonian
wo-phase slug flows.

In summary, as it appears from the results predicted, the accu-
acy of the suggested models is good and sufficient enough to be
ractically applied in industry. In practical application, once that
he fluid properties (n1 and m1), pipe diameter and input fluids
ow rates have been obtained, the two-phase pressure drop and
he drag reduction ratio can be calculated using these equations.
hese are benefit to design the long pipelines and pumps from an
conomic viewpoint.
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