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Abstract

Data from 2435 gas-liquid flow experiments in horizontal pipelines, taken from different sources, in-
cluding new data for heavy oil are compiled and processed for power law and composite power law friction
factor correlations. To our knowledge this is the largest database so far published in the literature; it in-
cludes the widest range of operational conditions and fluid properties for two-phase friction factor cor-
relations. Separate power laws for laminar and turbulent flows are obtained for all flows in the database
and also for flows sorted by flow pattern. Composite analytical expressions for the friction factor covering
both laminar and turbulent flows are obtained by fitting the transition region between laminar and tur-
bulent flow with logistic dose curves. Logistic dose curves lead to rational fractions of power laws which
reduce to the power laws for laminar flow when the Reynolds number is low and to turbulent flow when the
Reynolds number is large. The Reynolds number appropriate for gas—liquid flows in horizontal pipes is
based on the mixture velocity and the liquid kinematic viscosity. The definition of the Fanning friction
factor for gas-liquid flow used in this study is based on the mixture velocity and density. Error estimates for
the predicted vs. measured friction factor together with standard deviation for each correlation are pre-
sented. The correlations in this study are compared with previous correlations, homogeneous models and
mechanistic models most commonly used for gas-liquid flow in pipelines. Since different authors use dif-
ferent definitions for friction factors and Reynolds numbers, comparisons of the predicted pressure drop for
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each and every data point in the database are presented. Our correlations predict the pressure drop with
much greater accuracy than those presented by previous authors.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The problem confronted in this study is how to predict the pressure drop in a horizontal
pipeline. This problem is of great interest in many industries, especially in the oil industry. The
approach taken in this work is based on recent applications of processing data from experiments
(real or numerical) for power laws (Joseph, 2002; Patankar et al., 2001a,b, 2002; Wang et al.,
2002; Pan et al., 2002; Viana et al., 2003; Mata et al., 2002).

Data from 2435 experiments, taken from different sources, have been compiled and processed.
The data processed in this work include most of the data published in the prior literature plus new
unpublished, and data for gas and heavy oil from PDVSA-Intevep.

Dimensionless pressure gradients are usually expressed as friction factors. The relation between
pressure gradient and mass flux is expressed in dimensionless form as a relation between the
friction factor and Reynolds number. In the engineering literature, one finds such plots of fluid
response of one single fluid (one-phase) in the celebrated Moody diagram. The pipe roughness is
an important factor in the Moody diagram; for turbulent flow in smooth pipes the data may be fit
to the well-known power law of Blasius for which the friction factor increases with 0.25 power of
Reynolds number. The Moody diagram may be partitioned into the three regions: laminar,
transition and turbulent.

Here, we construct “Moody diagrams” for gas-liquid flows in horizontal pipelines in terms of a
mixture Fanning friction factor and mixture Reynolds number selected to reduce the scatter in the
data. The data is processed for power laws and a composite expression is found as a rational
fraction of power laws which reduces to a “laminar” power law for low Reynolds numbers and a
“turbulent” Blasius-like expression for large Reynolds numbers. We find that pipe roughness does
not have a major effect on turbulent gas-liquid flow; the effects of interacting phases appear to
dominate the effects of wall roughness.

It is well known that the pressure gradient depends on the flow type and prediction of the
friction for each flow type can be found in the literature. Here, we depart from the path laid down
by previous authors by creating composite correlations for each flow type and also for all the data
without sorting according to flow type. Of course, the correlations for separate flow patterns are
more accurate but possibly less useful than those for which previous knowledge of actual flow
pattern is not required. A correlation for which a flow pattern is not specified is exactly what is
needed in a field situation in which the flow patterns are not known.

The accuracy of the correlations developed in this paper is evaluated in two ways; by com-
paring predictions with the data from which the predictions are derived and by comparing the
predictions of our correlations with predictions of other authors in the literature.

The comparison of our correlations with the literature is not conveniently carried in the friction
factor vs. Reynolds number frame because different authors use different definitions of these
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quantities. An unambiguous comparison is constructed by comparing predicted pressure gradi-
ents against the experiments in our database. We compared our predicted pressure gradients with
those obtained from the correlations of Lockhart and Martinelli (1949), Dukler et al. (1964),
Beggs and Brill (1973) and Ortega et al. (2001) as well as with the predictions of the homogeneous
flow models of McAdams et al. (1942), Cicchitti et al. (1960), Beattic and Whalley (1982) and
Ouyang (1998). We also compared our predicted pressure gradients with those obtained from the
mechanistic models of Xiao et al. (1990), Ouyang (1998) and Padrino et al. (2002). Ouyang’s
models are for horizontal wells, which reduce to pipelines when the inflow from the reservoir is
put to zero.

A comprehensive performance comparison between different models and correlations is
achieved by means of the so-called modified relative performance factor (PF) proposed in this
study. The performance factor is a statistical measure which allows models and correlations to be
ranked for accuracy.

2. Dimensionless parameters

Due to the complexity of multiphase flow systems, it is not possible to obtain the governing
dimensionless groups uniquely; various possibilities exist. For instance, Dukler et al. (1964) use
one set, Beggs and Brill (1973) another set, Mata et al. (2002) another set and so on. In the present
work, various combinations of dimensionless parameters were tried and judged by their success in
reducing the root mean square percent relative error between the correlated and experimental
values. The dimensionless parameters introduced by Mata et al. (2002) in a work on pressure drops
in a flexible tube designed to model terrain variation are closely allied to this study and those
dimensionless groups were found also to work best in our study.

The Fanning friction factor for the gas—liquid mixture fy; is defined as

(Ap/L)D

M= "

where the pressure drop per unit length (Ap/L) is related to the wall shear stress 7, = (DAp/4L), D
is the pipe diameter, Uy = Usg + Usy 1s the mixture velocity which is defined in terms of the
superficial gas velocity (Usg = 40 /nD?) and the superficial liquid velocity (Usy = 40y /nD?). O
and QO are the gas and liquid volumetric flow rates, respectively. The mixture density

Py = priL+ pe(l — A0) (2)

is a special kind of composite density weighted by the flow rate fraction, where A, is the liquid flow
rate fraction.

., O
AL_QL"‘QG 3

p and p; are the gas and liquid density, respectively.
The mixture Fanning friction factor fy is correlated with a mixture Reynolds number defined by

_ UC/[D ()
L

Re
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where v =y /p, is the kinematic viscosity of the liquid and g, is the dynamic viscosity; this
definition acknowledges that the frictional resistance of the mixture is due mainly to the liquid.

The mixture friction factor fy and the mixture Reynolds number Re definitions are greatly
important in order to develop an appropriate correlation of the experimental data.

3. Universal (all flow patterns) composite (all Reynolds numbers) correlation for gas-liquid friction
factors (FFUC)

Gas flow rate Qg, liquid flow rate Q; and differential pressure Ap measurements corresponding
to 2435 experimental points taken from Intevep’s databank, the Stanford University multiphase
flow database (SMFD), and the database of the Tulsa University Fluid Flow projects (TUFFP)
for gas-liquid flow in horizontal pipes were used in this study. These data are summarized in
Tables 1-3. The columns in the tables are self explanatory except that “points” means the number
of experiments, ¢/D is the average size of pipe wall roughness over pipe diameter, FP means “flow
pattern” and AN, DB, SL, SS and SW stand annular, dispersed bubble, slug, stratified smooth
and stratified wavy flow, respectively.

A fraction of the experimental data (2060 experimental points) was used to calculate the ex-
perimental mixture friction factors. The points belonging to transition regions that come from
Cabello’s data (nine experimental points) and Ortega’s data (32 experimental points) were ex-
cluded. The points that come from Rivero’s data (74 experimental points), Eaton’s data (51 ex-
perimental points) and SU199’s data (209 experimental points) were excluded, because the
pressure measurements had huge and unacceptable scatter for some points. The models and the
correlations considered in Section 6, including ours, are tested against the entire database (2435
experimental points).

Fig. 1 shows the mixture friction factor fy plotted against the mixture Reynolds number Re. In
this figure, two clearly defined “laminar and turbulent” regions are observed, one region for
values of Re less than 500 and the other one for values greater than 1000. Two reasonably good
correlations were obtained fitting the data with power law correlations in both regions. However,
the region between 500 and 1000 is not clearly defined.

A single equation (called composite) that can be used to predict the mixture friction factors for
a wide range of gas and liquid flow rates, viscosity values, and different flow patterns was obtained
fitting data with a logistic dose response curve applying a technique described by Barree (Patankar
et al., 2002). The equation is given by

F, — F
M=K+ (171%22‘1 (5)
(T+ (%))
where F; and F, are power laws defined as
F1 = alReb‘ (6)

and

B = aRe” (7)



Table 1
Intevep data

Source

Points

Fluids

fu [cP]

Usp [m/s]

Usg [m/s]

D [m]

¢/D

FP

Cabello et al. (2001)

Mata et al. (2002)
Rivero et al. (1995)

Ortega et al. (2000)

Ortega et al. (2001)

Pereyra et al. (2001)°

26+9*

31
74

50+20*

35+12¢8

94

Air—kerosene

Air—oil
Air-water
Air—oil

Air—oil

Air—oil

Gas-HL

100
1-200

500

1200

8-400

0.11-4.52

0.11-1.49
0.02-0.19

0.10-2.77

0.01-0.80

2.69-0.58

0.77-45.65

0.06-3.43
0.61-11.89

0.02-38.24

0.23-24.39

0.26-12.91

0.0508

0.0254
0.0508

0.0508

0.0508

0.0779

(e}

0

5.9%107*

AN

DB

SL
SL-AN
SL-DB

SL

AN

DB

SL

SS

SW
SL-AN
SL-DB
SS-SL
SW-AN

AN

SL

SW
SL-AN
SW-AN
SW-SL

?Transitions points.

®The live oil viscosity is reported, HL: Hydrocarbon liquid.
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Table 2
Stanford data
Source Points Fluids UsL [m/s] Usg [m/s] D [m] ¢/D FP
Alves (1954) 28 Air—oil 0.02-1.78 0.12-13.16 0.0266 1.7x1073 AN
SL
SW
Govier and Omer 57 Air-water 0003-1.53 0.05-16.57 0.0261 0 AN
(1962) SL
SS
SW
Agrawal (1971) 19 Air—oil 0.01-0.06 0.11-6.16 0.0258 0 SS
Yu (1972) 15 Air—oil 0.10-0.32 0.07-0.62 0.0258 0 SL
Eaton (1966) 51 Gas—water 0.04-2.24 0.28-22.42 0.0508 8.0x107* SL
SS
SW
Mattar (1973) 8 Air—oil 0.31-1.55 0.30-7.83 0.0258 0 SL
Aziz et al. (1974) 128 Air—oil 0.03-1.68 0.02-3.75 0.0258 0 DB
SL
Companies® 141 0.07-6.26 0.32-63.44 0.0232 6.5x1073
146 0.07-5.96 0.28-57.09 0.0237 6.5%x1073 AN
61 Air-HL 0.02-3.40 0.10-24.05 0.0381 1.2x1073 SS
209 Air-water 0.001-1.04 0.09-61.30 0.0455 0 SS
470 Air—oil 0.03-7.25 0.04-69.56 0.0502 3.0x107° SW
131 0.03-7.10 0.16-59.52 0.0909 1.7x1073
156 0.07-6.07 0.11-24.47 0.1402 1.1x107°

4PData sets are identified as: SU28, SU29, SU184-187, SU199, SU24, SU25 and SU26.
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Table 3
Tulsa data

Source Points W [cP]  Usy [m/s] Usg [m/s] D [m] ¢/D FP
AN

Andritsos (1986) 92 1-70 0.001-0.06 4.49-30.09 0.0252 0 SL
111 1-80 0.001-0.19 4.29-29.51 0.0953 SS
SW
AN

DB

Beggs (1972) 21 1 0.03-2.62 0.31-24.97 0.0254 0 SL
22 0.02-1.60 0.37-15.12 0.0381 SS
SW

Cheremisinoff (1977) 151 1 0.02-0.07 2.58-24.01 0.0635 0 SS
SW

Kokal (1987) 10 8 0.03-0.06 1.18-11.51 0.0512 0 SS
13 0.05-0.15 1.01-9.01 0.0763 SwW
Mukherjee (1979) 44 1 0.03-3.40 0.23-24.06 0.0381 3.0x107° AN
SL

SS
SW

10
o AN ABD o SL +8S X SW
1 .
F, = 13.98 Re "'
S 01
F, =0.0925Re %%
0.01
0.001 L — . . . . ——rrr
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

Re

Fig. 1. Power law correlations for Re < 500 and Re > 1000.

¢, d and ¢, are parameters obtained fitting Eq. (5) to the 2060 data points using the nonlinear
optimization method of Microsoft® Excel Solver minimizing the residual mean square. The pa-
rameters a,, by, a; and b, are obtained fitting the data with power law correlations in both regions.
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Table 4

Parameters of the universal composite correlation for mixture Fanning friction factor
aj b a by c d t
13.98 —-0.9501 0.0925 —-0.2534 4.864 0.1972 293

Eq. (5) implies that correlations in the entire range can be represented by power laws connected
by transition regions (Patankar et al., 2002). The parameters ¢, d, ¢, a;, by, a, and b, for this
correlations are presented in Table 4.

The universal composite correlation for gas-liquid Fanning friction factor (FFUC) is then
given by

13.98Re™ "% — (0.0925Re 0253

4.864 0-1972
(14 (55)")

Fig. 2 shows the logistic dose response curve for the whole region.

The standard deviation of the correlated friction factor from the measured value was estimated
to be 29.05% of the measured value.

It is important to point out that most of the points for turbulent flow in Fig. 2 fall in a relatively
narrow band even though the roughness parameters for the pipes used to collect the data in the
narrow band lie in a wide band, from 0 to 1.7x1073 (¢/D in Tables 1-3). No single-phase tur-
bulent flow like systematic behavior is noticed for data sets with similar relative roughness. It is
possible that the disturbance due to interaction between one-phase and the other could overcome
the relative roughness effect in two-phase flow dynamics. The influence of relative roughness in
multiphase flow needs further study, since it seems to be not completely understood.

fm = 0.0925Re > + (8)

10
© AN o BD ©o SL + 8§ X SW =——FFUC
1
= 01
0.01
0'001 T v T vy T vy T i T i T TTIT rrrrrr
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1E+06 1.E+07

Re

Fig. 2. Universal composite correlation (8).
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¥29% /0
1 e
T 29%
- 5
3 8
8 .
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8 0.1 :
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0.01 +
+
0.001 K
0.001 0.01 0.1 1 10

fy experimental

Fig. 3. Predicted mixture Fanning friction factor (8) vs. experimental mixture Fanning friction factor for the universal
composite correlation.

The spread of the experimental data around the composite friction factor correlation (8) is
shown in Fig. 3.

The correlation (8) has an average error of —4.27% and an average absolute error of 20.27%.
75.73% of the points (1560 points) are in the band between +29%. The best agreements are ob-
tained for slug and dispersed bubble flow data, with an average absolute error of 12.41% and
8.98%, respectively. The worst agreements are obtained for annular and stratified flow data, with
an average absolute error of 38.65% and 34.57%, respectively.

4. Friction factor correlations sorted by flow pattern (FFPC)

We fit the data from 2060 experiments to power laws using the logistic dose curve fitting
procedure described in Section 3 to obtain composite correlations. Each and every experiment was
classified for flow type: 1316 slug flow SL, 40 dispersed bubble DB, 528 stratified flow ST and 176
annular flow AN types and composite correlations were created for each flow type. The pa-
rameters ¢, d, t, a;, by, a; and b, of each correlation are presented in Table 5.

Figs. 4 and 5 show the logistic dose response curves for slug and dispersed bubble flow, re-
spectively.

The composite correlations for slug flow and dispersed bubble flow are given by, respectively:

13.98Re™ "% — (0.1067Re"2%%

fm = 0.1067Re > + i
e\ 3 :
<1 + (%) 577)

©)
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Table 5
Parameters of the gas-liquid friction factor correlations for each flow pattern
FP ap b, ar b, 4 d t
SL 13.98 —-0.9501 0.1067 -0.2629 3.577 0.2029 293
DB 13.98 —-0.9501 0.1067 —-0.2629 2.948 0.2236 304
ST 13.98 —-0.9501 0.0445 —-0.1874 9.275 0.0324 300
AN 3.671 —-0.6257 0.0270 —-0.1225 2.191 0.2072 10000
10
o SL ——FFPC
1
S 01
0.01
0-001 T rorrTTT Ty Ty Ty T ooy T rororrTT TrorrTTT
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07
Re
Fig. 4. Composite correlation (9) for slug flow.
1
A DB ——FFPC
0.1 \
S A
0.01
N\
0.001 R REEE T T T
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
Re

Fig. 5. Composite correlation (10) for dispersed bubble flow.
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N 13.98Re™ "% — (0.1067Re"2%%

. 2.948 0.2236
(14 (5)™)

The standard deviations for the slug and dispersed bubble flow correlations of the correlated
friction factors from the measured values were estimated to be 16.61% and 12.91% of the mea-
sured values, respectively. The spread of data around the correlation for slug flow is shown in Fig.
6. The slug flow friction factor correlation has an average error of —2.17% and an average ab-
solute error of 11.99%. 75.30% of the points (991 points) are in the band between £16.61%. The
dispersed bubble flow friction factor correlation have an average error of —3.21% and an average
absolute error of 8.32%. 82.50% of the points (33 points) are in the band between +12.91%.

The logistic dose response curves for stratified flow and annular flow are shown in Figs. 7 and
8, respectively.

The composite correlations for stratified flow and annular flow are given by, respectively:

13.98Re™ "9 _ (0.0445Re 1874

+ Re 9.275 0.0324 <l 1)
(14 (%))

N 3.671Re %97 _ (0.0270Re*1?%

2191 0.2072
(14 (als0)™"™")

The standard deviation of (11) for stratified flow is estimated as 38.40% of the measured value.
The standard deviation (12) for annular flow is estimated to be 34.77% of the measured value. The

fu = 0.1067Re %% (10)

fm = 0.0445Re™ 187

fm = 0.0270Re 12 (12)

10 = ~
1 166% |
14
] -16.6%
> 4
K] 4
g
T 4
@ 0.1 E
Q 7 o
& ]
0.01 4 o
] &
0.001 0'- T T T T T TTTTTT T T T TTTTT T T T ITTT
0.001 0.01 0.1 1 10

fy experimental

Fig. 6. Predicted mixture friction factor (9) vs. experimental mixture friction factor for slug flow.
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+ S8 x SW ——FFPC

0.1
=

0.01

0.001 T T T T T
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07
Re
Fig. 7. Composite correlation (11) for stratified flow.
1
o AN ——FFPC

0.1

o=
o
0.01 P gs@@m m% —2
o P9 8B ° @
o! Cg % B
%ﬁb S O%QD 0.0
O 0® %
[e)e}
0.001 Rt Cree R RREAE T
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

Re

Fig. 8. Composite correlation (12) for annular flow.

average error for stratified flow is —6.80% and the average absolute error is 30.42%. Only 68.37%
of the 520 points (361 points) are in the band between +38.40%. The average error for annular
flow is —7.36% and the average absolute error of 29.59%. However, only 64.20% of the 176 points
(113 points) are in the band between +£34.77%.
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5. Performance comparison of correlations and models for pressures drop from various sources
against the data from 2435 experiments

The performance of predictions from our correlations for the pressure drop in the 2435 ex-
periments in our database and models in the literature and our correlations will now be con-
sidered. Sources for the predictions are indexed as follows:

MHM (McAdams et al., 1942),

LMC (Lockhart and Martinelli, 1949),

CHM (Cicchitti et al., 1960),

DUC (Dukler et al., 1964),

BBC (Beggs and Brill, 1973),

BWHM (Beattic and Whalley, 1982),

XMM (Xiao et al., 1990),

OMM (Ouyang, 1998),

OHM (Ouyang, 1998),

ORC (Ortega et al., 2001),

PMM (Padrino et al., 2002),

FFPC (friction factor flow pattern correlations from Egs. (9)-(12)),
FFUC (friction factor universal correlation from Eq. (8)).

The last C in the acronym stands for correlation, the MM stands for mechanistic model and
HM stands for homogeneous model.

In the application of homogeneous flow models of McAdams et al. (1942), Cicchitti et al. (1960)
and Beattie and Whalley (1982) we are only considering the frictional pressure gradient. The ¢
parameter, in the separated flow model of Lockhart and Martinelli (1949), is evaluated with the
Chisholm (1967) correlation. The liquid holdup for Dukler et al. (1964) correlation is predicted
from Bankoff’s correlation as is suggested by Oballa et al. (1997).

The correlations developed in previous sections leading to FFPC and FFUC were developed by
processing 2060 points. The remaining 375 data points, which were omitted in forming the cor-
relations, were also classified for flow pattern so that those data points could be compared with
predictors that specify flow type.

The comparison of the predictions of Ap/L from different sources was accomplished by using a
weighted measure PF which is a modification a measure recommended by Ansari et al. (1994)
defined by

PF — |E1| — |E\ min] E> — Ermin E; — E3min |E4| — |E4min]
|E1 max| - ’Elmin’ E2max - E2min E3max - E3min |E4max‘ - |E4min|
Es — Esmin Es — Egmin

13
+E5max _ESmin +E6max _E6min ( )

where E; is the average percent error, E, is average absolute percent error, E3 is the standard
deviation of the correlated value from the experimental value divided by the experimental value
(root mean square percent error), £, is the average error, Es is average absolute error, and Ej is the
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standard deviation of the correlated value from the experimental value (root mean square error)
which are defined as

[ .
L
.
B impi/mpred (AP /) g (1)

= 8D L (89 L) (18)

The average percent error is a measure of the agreement between predicted and measured data. It
indicates the degree of overprediction (positive values) or underprediction (negative values).
Similarly, the average absolute percent error is a measure of the agreement between predicted and
measured data. However, in this parameter the positive errors and the negative errors are not
canceled. For this reason, the average absolute percent error is considered a key parameter in
order to evaluate the prediction capability of a correlation. The standard deviation indicates how
close the predictions are to the experimental data. The statistical parameters E4, Es and Es are
similar to E;, E, and E; but the difference is that they are not based on the errors relative to the
experimental pressure drop per unit length.

The minimum and maximum possible values for the PF are 0 and 6, corresponding to the best
and the worst prediction performance, respectively.

The comparison of the accuracy of pressure gradient prediction of the correlations and the
models from different authors against 2435 points is shown in Table 6. The measure of perfor-
mance (PF) is a weighted measure using data from the columns E,—F¢. The overall performance is
given in the column PF; the smaller the number the more accurate is the prediction. The statistical
parameters E,—E for each correlation or model are also included.

The performance of our correlation (9)—(12) sorted by flow pattern FFPC is best and the
universal correlation FFUC given by (8) in which flow patterns are ignored is second best. In
general, the Cicchitti et al. (1960) model presented extremely high errors, therefore, this model was
not included in the performance factors evaluation (PF). However, we present the statistical
parameters for comparison purposes.

It is of interest for applications to pipelines in reservoirs of heavy oil to evaluate predictors
against high viscosity (u; = 400cP) data; this is done in Table 7.
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Comparison of the accuracy of pressure gradient prediction of the correlations and the models from different authors
against 2435 points

Model or PF Statistical parameters

correlation Ey [%] Es [%] Es [%] E,[Palm]  Es[Paim]  Eg [Pa/m]
FFPC 0.02 —4.88 21.71 43.17 -72.58 316.11 805.05
FFUC 0.15 -5.78 24.61 46.76 -167.05 355.84 905.58
DUC 0.18 —-6.86 24.85 58.03 —61.34 401.60 1025.78
PMM 0.32 -16.89 28.12 44.53 31.04 492.53 1232.89
OHM 0.57 -25.39 33.39 50.96 -266.56 438.04 1128.86
XMM 0.58 5.80 39.94 111.66 —139.94 474.20 1063.25
LMC 0.64 21.39 40.48 90.05 26.81 489.00 1386.80
BWHM 0.67 20.01 35.62 68.95 253.71 551.33 1402.55
MHM 0.82 -6.97 38.28 68.06 —598.92 686.35 1587.55
ORC 2.05 66.51 78.15 148.87 459.75 672.36 2374.55
OMM 3.22 95.74 137.33 326.82 —234.27 483.01 958.99
BBC 4.52 57.85 64.61 204.12 1893.18 1983.48 23631.94
CHM - 267.90 275.09 785.32 2253.64 2443 .48 9717.73

Table 7

Comparison of the accuracy of pressure gradient prediction of the correlations and the models from different authors

against high viscosity data (y; > 400cP)

Model or PF Statistical parameters

correlation Ey [%] E> [%] Es [%] E,[Palm]  Es[Paim]  Eg [Pa/m]
FFPC 0.19 —7.69 13.85 19.50 —324.70 548.52 1002.14
LMC 0.21 11.96 15.63 25.83 264.44 451.66 680.95
ORC 0.67 —-15.66 17.06 23.71 —784.29 806.16 1558.81
PMM 0.87 —5.54 25.50 38.62 -67.51 1209.06 2098.29
XMM 0.93 —-14.60 21.90 35.38 -774.55 919.34 1800.90
FFUC 0.99 -17.83 22.21 32.37 —839.13 990.39 1877.80
BBC 1.08 8.38 32.16 36.59 409.69 1431.56 1991.89
OMM 1.35 -24.84 25.70 37.79 -1139.83 1160.54 2133.75
OHM 1.37 -25.33 26.13 38.20 —1148.14 1168.21 2139.71
DUC 1.73 -33.28 34.32 45.78 —1215.72 1275.54 2299.17
BWHM 5.19 76.83 96.49 112.62 2788.11 3535.97 4419.79
MHM 5.69 -90.00 90.00 90.78 -4160.27 4160.27 5096.26
CHM - 1039.61 1039.62 1924 .47 25161.28 25162.36 40 687.65

The correlations FFPC which have been sorted by flow type again have the best performance,
but the universal correlation falls to sixth place. As a practical matter, the flow of heavy oils in
pipelines will be much slower than the flows of gas in mobile liquids like water. Turbulent flow
which lead to dispersed bubble and annular flow do not typically occur in high viscosity fluids.

We turn now to an evaluation of the predictors when the experimental data is restricted by flow
type. The following data were used: 1416 slug flow data points, 40 dispersed bubble data points,
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689 stratified flow data points, and 249 annular flow data points. Forty-one data points corre-
sponding to transitions were not considered in this evaluation. The PF and the statistical pa-
rameters for each flow pattern are presented in Tables 8-11. This kind of comparison naturally
favors correlations like FFPC, which recognize the flow pattern. The excellent performance of
FFUC, which does not recognize the flow pattern is noteworthy. For slug flow and stratified flow
universal correlations may be recommended. The universal correlation also works well in the flow
types of dispersed bubble and annular flow which are generated by turbulence.

Table 8

Evaluation of the correlations and the models using slug flow data
Model or PF Statistical parameters
correlation Ey [%] E [%] Es [%] E, [Pa/m]  Es[Pa/m]  Eg [Pa/m]
FFPC 0.05 -2.46 12.97 18.33 —64.40 356.30 806.01
FFUC 0.20 -4.71 13.34 18.48 —-137.43 363.97 827.89
DUC 0.71 -2.55 18.23 29.67 98.13 456.02 1058.43
OHM 0.76 -10.81 16.73 23.77 —224.93 423.60 818.90
PMM 0.92 -4.90 17.64 24.90 245.20 566.03 1338.74
OMM 1.20 -16.14 20.56 27.25 —-297.20 427.74 757.83
XMM 1.46 -8.76 21.05 42.94 —238.29 513.36 1052.57
LMC 1.95 5.13 25.89 52.58 -11.35 666.58 1750.58
ORC 2.02 10.67 22.72 41.60 428.59 644.56 1796.58
BWHM 2.21 16.17 25.60 44.80 346.31 635.02 1415.98
MHM 2.59 -19.51 26.09 36.16 —724.62 804.14 1579.15
BBC 6.00 33.94 37.23 62.40 1499.12 1526.97 4194.43
CHM - 79.42 88.89 406.45 979.74 1276.93 3757.37

Table 9

Evaluation of the correlations and the models using dispersed bubble flow data
Model or PF Statistical parameters
correlation Ey [%] E [%] E; [%] E, [Pa/m]  Es[Palm]  Eg [Pa/m]
FFPC 0.27 -3.37 8.30 12.56 —-144.79 268.42 558.73
LMC 0.29 —-0.26 10.91 15.82 84.06 235.19 344.78
DUC 0.38 -2.31 10.88 15.88 -22.77 267.14 430.77
FFUC 0.45 —4.57 8.99 13.22 —-187.76 318.66 608.44
ORC 0.90 -9.56 9.94 15.99 —328.58 338.39 638.78
PMM 0.95 -4.97 12.34 17.04 94.60 528.37 898.92
OHM 1.10 —-10.49 11.06 16.14 —-388.11 396.46 743.57
OMM 1.11 —-10.53 11.17 16.25 —-388.51 397.38 743.75
BWHM 1.98 -1.56 17.55 2391 467.03 863.05 1622.44
XMM 2.50 —-19.66 19.69 25.28 -562.37 566.07 863.44
BBC 3.05 16.11 21.89 26.40 829.93 913.49 1425.16
MHM 6.00 -25.82 26.55 40.81 —-1817.96 1833.17 3672.19

CHM - -5.10 11.68 16.83 54.46 485.54 854.94
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Table 10

Evaluation of the correlations and the models using stratified flow data
Model or PF Statistical parameters
correlation E; [%] E> [%] Es [%] E; [Pa/m]  Es[Pa/m]  Eg [Pa/m]
FFUC 0.08 2.62 42.26 78.62 —-28.04 65.24 169.81
FFPC 0.19 -7.06 37.73 73.78 —42.75 63.59 184.64
BWHM 0.25 38.97 55.34 107.53 31.59 63.65 155.69
DUC 0.44 -6.91 36.22 97.13 —53.81 73.97 221.44
PMM 0.52 -30.75 41.34 66.60 —-63.80 78.27 212.20
MHM 0.56 31.04 62.80 112.01 -32.82 83.33 246.61
OHM 0.78 —42.72 56.81 77.77 —-83.33 89.73 203.98
LMC 0.92 61.77 76.22 149.44 63.66 95.66 207.92
XMM 1.44 18.56 62.27 163.87 65.31 129.15 415.84
BBC 2.57 86.93 98.53 155.14 120.56 149.97 591.11
ORC 3.54 175.05 185.76 260.63 177.07 207.82 445.12
OMM 5.59 375.68 408.47 607.19 167.69 285.88 438.02
CHM - 567.25 571.32 1167.78 1255.75 1260.07 5452.57

Table 11

Evaluation of the correlations and the models using annular flow data
Model or PF Statistical parameters
correlation E, [%] E, [%] Es [%] Ey[Pa/m]  Es[Pa/m]  E, [Pa/m]
LMC 0.04 5.86 32.32 40.13 40.77 579.49 1034.69
FFPC 0.07 -10.95 29.60 33.95 -92.04 712.72 1476.08
BWHM 0.20 —-14.36 34.86 40.92 —154.76 941.65 2023.93
DUC 0.35 -27.89 32.02 38.61 —-830.31 903.96 1753.62
MHM 0.40 -27.65 36.13 43.74 —758.63 1005.23 2058.40
FFUC 0.50 -33.33 43.01 47.20 -621.68 1031.67 1899.61
PMM 0.83 -52.37 54.09 58.04 —1041.83 1121.24 1983.01
OMM 0.94 —-6.06 90.20 145.26 —849.44 1280.14 2163.31
OHM 1.10 —-63.01 68.26 72.79 —882.19 1401.13 2832.41
XMM 1.40 61.07 92.47 192.75 -5.03 1161.30 1981.09
ORC 2.25 108.83 115.76 137.80 1727.84 2127.30 5987.36
BBC 6.00 126.90 139.72 565.21 9398.50 9973.73 73340.33
CHM - 432.36 434 .45 841.23 9279.49 9359.79 23612.58

6. Summary and conclusions

Data from 2435 gas-liquid flow experiments in horizontal pipelines were sorted by flow pattern
and a data structure suitable for the construction of correlations of friction factor vs. Reynolds
number was created.

A mixture friction factor (1) and mixture Reynolds number (4) were selected to reduce the
scatter of the data. The Reynolds number is based on the mixture velocity and the liquid kine-
matic viscosity; the frictional resistance of the liquid is most important.
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Data from 2060 of the 2435 experiments were processed for power law correlation in log-log
plots of friction factor vs. Reynolds number.

Power laws for laminar and turbulent gas-liquid flow were determined for all 2060 points
irrespective of flow patterns; we called such correlations, which are independent of flow type,
universal.

Power laws for laminar and turbulent gas-liquid flow were determined for subsets of the 2060
points corresponding to stratified, slug, disperse bubble and annular flow. The experiments and
prefactors for the power laws for gas—liquid flows can be compared to those for single phase flows.
In fact, there is a similarity between the two- and single-phase cases when the Reynolds numbers
are small (laminar) and large (turbulent). In the laminar case the friction factors are not so very
different than the single phase 16/Re, independent of flow type. In the turbulent case the Blasius
exponent —0.25 for a single phase can be compared to exponents ranging from —0.1225 for annular
flow to —0.263 for slug and dispersed flow. The flow resistance for slug and dispersed flow patterns
is dominated by the frictional resistance of the liquid on the wall. For stratified and annular flow
the gas flows through an open channel, not blocked by liquid, and at large Reynolds numbers the
gas flow is turbulent. The size of this open channel is not given in this correlation; it is possible that
the turbulent gas which determines the frictional resistance, follows the Blasius law when the ef-
fective channel size (given by the gas hold-up) is known. On the other hand, an increase in frictional
resistance from atomization and effective roughness due to waves on the water also plays a role.
The variations of the exponent in turbulent flow presents a challenge for future research.

The transition region going from laminar to turbulent flow was fit to a logistic dose curve. This
fitting procedure leads to rational fractions of power laws which reduce to laminar flow at small
Reynolds number and to turbulent flow at large Reynolds number. We call these rational fraction
of power laws composite; one formula for all Reynolds numbers. Composite power laws are very
practical because the transition region is predicted to a statistical accuracy consistent with spread
of the data.

The predictions of the composite correlations were tested internally for the spread of the actual
data against the predictions. The same tests were carried out for the correlations sorted by flow
type. The standard deviations are small for slug flow, which is main flow type of viscous oils, and
bubble flow which requires turbulent flow with a relatively small gas fraction.

The prediction of the composite correlations were tested externally against correlations, ho-
mogeneous models and mechanistic models from the literature. The composite correlations sorted
by flow type are more accurate than any other predictor for all cases except stratified and annular
flows. The universal composite correlation is the most accurate in stratified flow. The Lockhart
and Martinelli (1949) correlation shows the best performance in annular flow. However, our
correlation for annular flow has the least average absolute percent error. The universal composite
correlation is second best in the data set in which all flow types are included, followed in third
place by the Dukler et al. (1964) correlation. When sorted by viscosity, the Dukler correlation falls
to tenth place. Slug flow is the main flow type in the data set for high viscosity liquid (42.74%
points) and the composite correlation for slug flow may be recommended. In general, the Cicchitti
et al. (1960) model has the biggest errors.

In annular and stratified flow the effect of the relative velocity of the phases, neglected in this
paper, should be significant. Including the hold-up, as was done by Mata et al. (2002), could give
rise to improved correlations.
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Universal (independent of flow type) and composite (for all Reynolds numbers) correlations are
very useful for field operations for which the flow type may not be known. It is a best guess for the
pressure gradient when the flow type is unknown or different flow types are encountered in one
line.

A dimensionless pipe roughness is given in the database and ranges from smooth (41% points)
to rough (59% points) pipes. The data and correlations for two-phase turbulent flow in pipes do
not appear to depend strongly on pipe roughness; “effective’ roughness arises from the action of
natural fluctuations of one-phase on another. This needs further study.
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