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Abstract

Data are presented on horizontal and slightly inclined ~ows at ¦4 and −4> for a 9[947 m inner diameter "i[d[# pipe
with the co!current airÐwater system[

The prediction capabilities of existing ~ow regime maps were shown to be inadequate[ However\ the transitions for
strati_ed ripple to role wave\ for slug to blow!through!slug\ for _lm plus droplet to strati_ed\ and the modi_ed maps
for strati_ed type to slug ~ows all gave good prediction performance with horizontal and slightly inclined ~ows[

The largest liquid hold!up occurred in upward ~ow except at high gas rates and low liquid rates where the down~ow
condition gave the highest liquid hold!up[ The lowest liquid hold!up occurred in downward ~ow at low gas ~ow rates
and horizontal ~ow at high gas ~ow rates[ Hold!up prediction proved to be ~ow regime dependent[

The inclined total average pressure drop data crossed over the horizontal data from higher to lower values with
increasing gas rate at a gas rate of just under VÞSG � 09 m s−0[

Below this gas rate the horizontal pipe gave the lowest pressure drop while above this gas rate the upwardly inclined
pipe gave the lowest pressure drop[ A pressure loss minimum occurred at VÞSG � 09 m s−0 for upward ~ows[ Below
VÞSG � 09 m s−0 the pressure loss for downward ~ow was virtually independent of gas rate being mainly due to hydrostatic
head[ As the gas ~ow approached VÞSG � 49 m s−0 there was very little e}ect of inclination on the pressure loss[

Pressure drop was successfully predicted although the accompanying hold!up prediction was not always reliable[
Þ 0887 Elsevier Science Ltd[ All rights reserved[

Nomenclature

d diameter
` gravitational constant ðm s−1Ł
H heaviside functions equation "2#
NGV gas velocity number\ VÞSG"rL:`s#0:3

NLV liquid velocity number\ VÞSL"rL:`s#0:3

Fr Froude number\ "VÞT:z`d#0:1

Q ~ow rate ðm2 s−0Ł
RÞ holdup
VÞ velocity ðm s−0Ł[

Greek symbols
a angle degrees
r density ðkg m−2Ł
s surface tension ðkg s−1Ł[

� Corresponding author[

Subscripts
G gas
L liquid
S super_cial
T total[

0[ Introduction

Traditionally\ production from oil:gas wells has been
separated locally into its various constituents and the
products subsequently transported separately in\ for
example\ pipelines to processing facilities[ A more attract!
ive alternative strategy that is _nding increasing use with
o}shore installations is to handle the well head ~uids
multiphase in an appropriate distribution system that is
laid to broadly coincide with the prevailing terrain[ The
multiphase pipeline would follow the general dips and
rises of the sea ~oor _nally rising up to the onshore
facilities[ In general\ multiphase ~ow exhibits a greater
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pressure loss than the corresponding single phase con!
dition although drag reduction phenomena exist ð0Ł[ In
addition small departures from horizontal geometry
a}ect the ~ow characteristics[ One of the major conse!
quences being that\ unlike single phase ~ow\ the hydro!
static component of pressure drop usually will not be
recovered between uphill and downhill ~ow sections of
pipe[ Of the 49 or so papers that have appeared on the
subject of two!phase ~ow close to horizontal conditions
only three sets of data have given a comprehensive cover!
age of the geometric and the two!phase characteristics
involved ð1Ð7Ł[ Even then the data were not always col!
lected in an appropriately systematic manner that
allowed clear evaluation of the trends[ For example\ the
liquid rate ð1Ð3Ł and the inclination ð4Ð6Ł were not con!
trolled properly[ Despite these problems a number of
models have been formulated for prediction of two!phase
phenomena in inclined ~ows[ Two problems are appar!
ent[ The _rst rises out of the existing data which shows
anomalous e}ects around the horizontal[ The second
concerns the design of ~uid piping systems[ Some designs
suggest that systems should be as close to horizontal as
possible while others suggest that in order to facilitate
drainage of the pipe it should slope downwards slightly
in the ~ow direction[ However\ _eld experience has some!
times cast doubt on the wisdom of this design[ The main
purpose of this work is to cast light on these problems[

Flow patterns\ hold!up and pressure loss data were
obtained for co!current airÐwater ~ow "max rate 9[024
m s−0 at 0[94 bar "a# and 9[992 m s−0 respectively# in a
9[9497 m "i[d[# perspex pipe at angles of −4\ 9 and ¦4>[
The design and operation of the equipment was checked
and validated to ensure results were reliable and repro!
ducible[ Details are given elsewhere ð8Ł[

1[ Results and discussion

1[0[ Re`ime maps

All existing ~ow regime maps have been tested against
data obtained here and elsewhere ð09\ 00Ł[ In a number
of aspects each of the maps have been found to be inad!
equate[ The following discussion is not intended to be all
inclusive but highlights relevant aspects to indicate the
current state of the art[

1[0[0[ TaitelÐDukler map
The map is presented in Fig[ 0[ The transition pre!

diction for horizontal ~ow between smooth strati_ed and
strati_ed plus wavy ~ow was shown to be poor[ However\
Andritos and Hanratty ð02Ł were able to predict the strati!
_ed plus ripple transition with a better degree of accuracy
by substituting a value of 9[95 for s\ the sheltering
coe.cient[ Even so\ the predicted transition was far from
satisfactory at low liquid velocities[ Taitel and Dukler

ð01Ł did not distinguish between the various strati_ed
wavy regimes and the _lm plus droplet pattern\ but
instead assigned a hybrid strati_ed!wavy region on their
map making it de_cient in this respect[ The transition
between strati_ed type ~ows and the slug regime was
found to give fair prediction which tended to deteriorate
as the pipe diameter rose[ Taitel and Dukler ð01Ł showed
that discrepancies between the Weisman et al[ ð04Ł data
and the proposed transition method were due to the use
of a short pipe length[ A modi_cation to their original
theory was proposed that included pipe length as a par!
ameter for the transition to slug ~ow[ Similarly\ the accu!
racy of the predicted transition from strati_ed wavy to
annular ~ow was found to deteriorate as the pipe diam!
eter increased\ with more _lm plus droplet observations
being located in the annular region of the map[ Tran!
sitions from slug to annular ~ow are also shown in Fig[
0[ The Taitel and Dukler ð01Ł criterion predicted the
transition from slug to blow!through!slug patterns with
better precision[ Kokal and Stanislav ð7Ł reported that the
blow!through!slug pattern\ which fell on the transition
between slug and wavy annular ~ow\ was di.cult to
identify since a problem existed in distinguishing visually
between highly aerated slugs and the annular plus roll
wave ~ow patterns[ This di.culty was overcome in this
work by cross reference to the pressure ~uctuations which
clearly identi_ed the transition[ Kokal and Stanislow ð7Ł
de_ned the transition from slug to annular ~ow which
was found to demarcate well between the slug and blow!
through!slug regimes for the three pipe diameters of
9[9343\ 9[9497 and 9[9824 m[

The Barnea and Taitel ð05\ 06Ł map followed a very
similar pattern to the Taitel and Dukler ð01Ł map[ The
inclined data were even more at variance with these
suggested maps[

1[0[1[ Mukherjee and Brill map
Figure 1 shows the ~ow pattern map developed by

Mukherjee and Brill ð3Ł tested against data[ For hori!
zontal ~ow\ the map under!predicted the strati_ed to
annular boundary[ This under!prediction caused prob!
lems with the slug to annular boundary which traversed
the blow!through!slug regime[ The bubble to slug demar!
cation was also inaccurate[

The up~ow map also did not handle the blow!through!
slug regime\ but the slug to annular boundary gave a
more realistic result than for horizontal ~ow[ For down!
~ow\ the dominance of strati_ed type ~ows was not
re~ected by the map[ Hence the bubble to slug and slug
to annular transitions were unrealistic[ The strati_ed to
annular transition was again underpredicted in a similar
manner to horizontal ~ow[

1[0[2[ Speddin` and N`uyen map
The empirical ~ow pattern map proposed by Spedding

and Nguyen ð4Ł for horizontal ~ow were compared with
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Fig[ 0[ The Taitel and Dukler ð01Ł map compared to the horizontal airÐwater data for 9[9497 m "i[d[# pipe[

the data obtained for three di}erent diameters[ The tran!
sition from slug ~ow to the strati_ed regions was pre!
dicted satisfactorily but pipe diameter had a signi_cant
e}ect on the accuracy of certain of the other ~ow regime
transitions[ The assumption that liquid droplets did not
exist in the gas core during horizontal annular ~ow was
unfounded and the annular ~ow patterns were more
properly assigned with the mixed ~ow patterns where
both phases were discontinuous[ Figure 2 details a
suggested modi_cation of the horizontal map which
exhibited better agreements with data for all diameters[

Discrepancies also appeared in the ~ow pattern maps
proposed by Spedding and Nguyen ð4Ł for inclined ~ows
when compared with data from this work[ The transition
from strati_ed to slug ~ow in slightly inclined up!~ow
was inaccurate since slug ~ow was present\ at least
initially\ for all liquid ~ow rates requiring that the slug
~ow regime should therefore cover a much larger area of
the map than suggested by Spedding and Nguyen ð4Ł[
Figure 3 shows the suggested map for inclined ~ow at
¦4>[ The map possessed signi_cant di}erences to the
horizontal case[ However\ the only di}erence between
¦1[64> data ð09Ł and the ¦4> data of this work was that
the slug to strati_ed roll wave and blow!through!slug

transitions rose as the angle was increased[ Figure 4
shows the suggested map for downward inclined ~ow at
−4>\ which showed minor di}erences to the Spedding
and Nguyen ð4Ł equivalent[

1[0[3[ Transition criteria
The theoretical ~ow pattern criteria of Weisman et al[

ð04Ł were compared against data as shown in Fig[ 5[ The
transition from strati_ed to slug ~ow over estimated the
experimental data in all cases[ The transition from
smooth strati_ed to wavy ~ow gave good prediction for
all pipe diameters[ The transition to annular ~ow under!
estimated the experimental data in all cases[ Figure 5
shows some _lm plus droplet observations in the annular
region of the map[ Although Weisman et al[ ð04Ł used
pipelines of di}erent diameters\ the maximum was 9[940
m "i[d[#[ The transition to annular ~ow was found by Lin
and Hanratty ð07Ł to occur by two mechanisms which
depended upon the pipe diameter[ Annular ~ow was
found to develop at lower gas velocities by a mechanism
of wave wrapping in a 9[9141 m "i[d[# pipeline\ compared
to an annular ~ow droplet deposition mechanism in a
9[9842 m "i[d[# pipeline[ These _ndings may explain the
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Fig[ 1[ The Mukherjee and Brill ð3Ł map compared to the horizontal airÐwater data for 9[9497 m "i[d[# pipe[

occurrence of _lm plus droplet observations in the Weis!
man et al[ ð04Ł annular region[

The entrainment transition criteria of Ishii and Grol!
mes ð08\ 19Ł is also shown in Fig[ 5 and gave excellent
prediction of the transition to entrained strati_ed ~ows
for all pipe diameters[ The Kowalski ð10Ł transition also
showed good prediction between the strati_ed ripple and
roll wave pattern[

1[1[ Holdup

Figure 6 shows hold!up results for horizontal ~ow[ The
data present as a logarithmic series of straight lines with
azympotic limiting values of RÞL at both low and high
VÞSG values where respectively\ strati_ed and droplet ~ow
occurred[ The magnitude of the hold!up and the slopes
of the lines increased steadily with increasing VÞSL[ Data
by Spedding and Nguyen ð09Ł obtained for 9[9343 m
"i[d[# pipe are included and showed similar trend with the
exception that the position and slope of the lines were
slightly greater "under corresponding conditions# for the
smaller diameter[ The limited data of Beggs and Brill ð1Ł
also gave general agreement with these _ndings[

Figures 7 and 8 give results for inclined ~ow under
corresponding conditions to those used in Fig[ 6[ For the

purposes of discussion\ Fig[ 09 groups the data for all
three angles for the highest VÞSL value of 3[00×09−1 m
s−0[ Excluding low liquid ~ows\ in general a � ¦4> data
possessed a greater value of RÞL for corresponding ~ow
conditions[ At low VÞSG values the slug ~ow regime was
formed for a � ¦4> in contrast to the strati_ed regime
for the corresponding horizontal and a � −4>
conditions[ It was not unexpected therefore\ that the RÞL

for a � ¦4> angle would be greater since\ in general\
liquid hold!up for strati_ed ~ow would be less than for
the slug regime[ As the gas rate was increased the hold!
up tended to converge and run along a parallel path as
similar ~ow regimes were developed[ At no point did the
a � ¦4> data fall below that of the a � 9> data even for
the azympotic region at higher VÞSG rates[

Downward a � −4> data possessed lower liquid hold!
up values that the corresponding condition at other
angles for VÞSG ³ 19 m s−0[ The pro_le of the a � −4>
data in this region was ~at since the strati_ed plus inertial
wave regime was present[ At some point "VÞSG between 0
and 19 m s−0 rising with VÞSL value# the a � −4> data
crossed over the a � 9> plot[ If VÞSL ³ 9[92 m s−0 the
a � −4> data subsequently went on to cross the a � ¦4>
data and then run parallel to it thereafter[ For VÞSL − 9[92
m s−0 the a � 9> data were crossed alone[
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Fig[ 2[ The modi_ed Spedding and Nguyen ð4Ł map compared to the horizontal airÐwater data for 9[9497 m "i[d[# pipe[

Thus at VÞSG � 09 m s−0 the hold!up values rose steadily
as the angle went from a � −4> through a � 9> to
a � ¦4>[ For VÞSG × 09 ms−0 initially the a � ¦4> data
were higher than and paralleled the corresponding a � 9>
data[ However the a � −4> data became larger in value
than either the a � ¦4> or a � 9> data except when
VÞSL × 9[92 m s−0[

From a practical stand point if operation was below
VÞT ³ 0 m s−0 "which it would be in many oil:gas instal!
lations in order to handle static electricity problems# the
liquid hold!up will be lowest in downward ~ow and high!
est in upward ~ow[ However\ if VÞT × 19 m s−0 the liquid
hold!up will be lowest in horizontal ~ow and highest in
upward ~ow except when VÞSL × 9[92 m s−0 where upward
~ow would have the highest hold!up value[

Numerous models have been developed for the pre!
diction of hold!up in two!phase ~ow for various geo!
metric conditions of conduit diameter and inclination[ In
many cases the individual models were reported to give
good agreement with data used for the model devel!
opment[ However\ often the models did not perform sat!
isfactorily when checked against independently obtained
and validated data[

The usual way of ascertaining the performance of a
model is to compare the average error and standard devi!
ation of the predicted value against the data[ However\
Spedding et al[ ð11\ 12Ł have shown the use of standard
deviation to be inappropriate[ More sophisticated stat!
istics gave the same result as a well chosen spread of both
the errors and the average value[

Spedding et al[ ð13Ð17Ł have detailed models that were
successful in predicting hold!up within an average of
202) and a 229) spread for horizontal ð13Ð15Ł and
slightly inclined pipes ð16\ 17Ł[ Checks using data from
this work and elsewhere ð1\ 09\ 00Ł have been carried
out and the results showed general agreement with the
predictions found by Spedding et al[ ð13Ð17Ł[ A summary
is given in Table 0[ There were other models\ not shown
in Table 0\ that were successful in predicting some ~ow
regimes but not over the range of angles[ These models
were excluded from the recommendation of Table 0[ The
results showed an increase in prediction performance
with increasing pipe diameter[ In general downward ~ow
proved to be easiest to predict and upward ~ow was the
most di.cult[ Since multi!phase transport is an uncertain
theoretical area at this stage of development any pre!
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Fig[ 3[ The modi_ed Spedding and Nguyen ð4Ł map compared to the airÐwater data for 9[9497 m "i[d[# pipe at u � ¦4>[

diction should not depend on the result from just one
model but be subject to con_rmation by the result of a
number of di}erent models in order to obtain a reliable
result[ For this reason a number of models are suggested
for each ~ow regime and angle of inclination[

Equation "0# gives a new relation between hold!up\
QL:QT and pipe diameter using the condition\ suggested
by Spedding and Hand ð33\ 34Ł\ that VÞSG × 5 m s−0[

RÞL �"2[4¦d#0
QL

QT1
9[6

"0#

The model was within 229) of data for horizontal airÐ
water data at three di}erent pipe diameters[ Figure 00
illustrates the result for the data of this work[ It should
be noted that equation "0# will not predict the smooth
strati_ed\ strati_ed inertia wave\ strati_ed blown!
through!slug\ bubble\ slug and plug regime[ In addition
the data showed a minor e}ect of liquid rate which is
handled by equations "1# and "2#[

RÞG

RL

�"ð1[072d¦9[930ŁVÞ−9[68
SL #0

QG

QL1
9[93

−"0−H"VÞSL−9[90924##0
9[913
VÞSL

−1[20691 "1#

where the Heaviside function

H"VÞSL−9[90924# �
0
100¦

1
p g

�

9

sin"VÞSL−9[90924#
u

du1
"2#

When the data were used to check these more complex
relations the spread was reduced considerably to approxi!
mately half of the value shown in Fig[ 00[ Thus equations
"0#Ð"2# used in conjunction with the Nicklin et al[ ð30Ł
model for intermittent ~ow and the SpeddingÐHand ð20Ł
and LockhartÐMartinelli ð26Ł models\ can predict the
whole range of ~ow regimes[

A development for prediction hold!up by Spedding
and Hand ð33\ 34Ł will be handled later in the next section[

1[2[ Pressure drop

In general the pressure drop data for horizontal and
inclined ~ows presented as a series of curves with the
same general form but with increasing total pressure loss
as the liquid rate increased[ For horizontal ~ow a series
of parallel straight lines were formed on a logÐlog plot as
shown in Fig[ 01[ At low gas rates\ where strati_ed ~ow
occurred\ the pressure drop fell away towards the open
channel condition[ At high gas rates the pressure drop
altered slope and rose above the straight line condition
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Fig[ 4[ The modi_ed Spedding and Nguyen ð4Ł map compared to the airÐwater data for 9[9497 m "i[d[# pipe at u � −4>[

at the point where the ~ow regime changed from annular
roll wave to annular droplet ~ow[ The increase in pressure
drop experienced at this point was caused by the extra
energy needed from the gas to form liquid droplets[ The
pressure drop data for a � ¦4>\ shown in Fig[ 02\ were
much more complex[ For the lowest liquid ~ow\ the aver!
age total pressure drop was high at low gas rates since
the ~ow was in the slug regime[ The pressure loss fell with
increasing gas rate until at about VÞSG ¼ 09 m s−0 the
average pressure drop became negative at the onset of
the blow!through!slug regime[ Kokal and Stanislav ð7Ł
also reported low pressure gradients over a wide range
of ~ows due to the formation of such phenomena as
strati_cation\ phase discontinuities and other complex
mechanisms[ As the gas rate was further increased the
pressure drop also increased and formed a straight line
region that was very similar to that obtained with hori!
zontal ~ow but over a decreased range of gas ~ows[ In
this high gas ~ow region about VÞSG � 49 m s−0 the
pressure loss was largely una}ected by the angle of incli!
nation[ Thus the general trend with increasing gas rate
was an initial high value of pressure loss followed by a
steep fall to a minimum and then a rise to the straight
line region similar to horizontal ~ow[ As the liquid rate
was increased the negative pressure loss region decreased

and eventually disappeared and gave a positive minimum
at about VÞSG � 09 m s−0 in the blow through slug regime[
This would be a preferred operational region for a � ¦4>
~ow[

Figure 03 sets out the pressure drop data for the
a � −4> geometry[ At low gas rates in the strati_ed type
regime the pressure drop changed very little with
increased gas ~ow[ Above VÞSG � 09 m s−0 the data
formed into an approximate straight line region not
unlike that observed for horizontal ~ow[ Figure 04 pre!
sents data for all three angles at the highest liquid velocity
VÞSL � 9[9300 m s−0[ The inter!relationships between the
data were complex with a number of cross!over points
occurring[ For gas ~ows of VÞSG ¾ 09 m s−0 the horizontal
condition gave the lowest pressure drop[ For VÞSG � 09Ð
34 m s−0 the a � ¦4> data gave the least pressure drop
and the horizontal geometry the largest[ Above VÞSG � 34
m s−0 the a � −4> geometry gave the greatest pressure
drop and the a � ¦4> the least[ The frictional pressure
drop data are also detailed on Fig[ 04 and indicate that
for low gas ~ow rates VÞSG ³ 4 m s−0 a negative frictional
loss was achieved for upward ~ows[ With downward
~ows for the same condition VÞSG ³ 4 m s−0 the frictional
pressure drop was negligible and the ~at portion of the
total pressure drop curve was entirely due to the head of
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Fig[ 5[ The Weisman et al[ ð04Ł transition criteria compared to the horizontal airÐwater data for 9[9497 m "i[d[# pipe[

~uid present in the tube[ The e}ect of head on the total
pressure drop was only a few percent at high gas rates[
Data from Spedding and Nguyen ð09Ł are also plotted on
Figures 01Ð03 and indicate general agreement with the
current work[ This stands in contrast to the data of Beggs
and Brill ð1Ł etc[ ð7\ 35\ 36Ł which exhibited considerable
variation from the present work[

The pressure loss ~uctuations for horizontal ~ow were
signi_cantly di}erent to that for the uphill slug ~ow
pattern[ The characteristic steep front\ body and tail of
the horizontal slug pressure pro_le were absent in the
a � ¦4> data[ In addition\ both the amplitude and fre!
quency of the pressure peaks were much greater[ After
each peak caused by the passing slug the pressure loss
dropped well below the zero line[ This was caused by the
liquid falling back down the pipe after each slug had
passed[

The smooth pressure loss ~uctuations normally associ!
ated with horizontal strati_ed ~ow did not exist in down!
hill ~ow[ In general for the downhill mode the range of
pressure drop variation was greater and there were more
~uctuations in the pro_le[ This was in addition to a sig!

ni_cant expansion in the range of ~ow rates over which
the strati_ed regime occurred[

Kokal and Stanislav ð7Ł reported that for airÐoil down!
ward ~ow the liquid on the base of the pipe moved faster
than for the corresponding horizontal condition due to
the e}ect of gravity and resulted in lower liquid hold!up
for these ~ows[ In uphill ~ow the e}ect was reversed[
They considered downhill strati_ed ~ow to be a complex
~ow situation since strati_cation and secondary ~ow pat!
terns were set!up in the liquid phase[ Mukherjee and Brill
ð2Ł agreed with these general observations on inclined
~ow[

These di}erences in the characteristic pattern of
pressure drop between the three di}erent angles for the
same ~ow regime highlight the problems which have been
encountered when attempting to predict performance[
Ferguson and Spedding ð37Ł have shown that the models
of Olujic ð38Ł and Spedding and Hand ð33Ł predicted
pressure drop for certain ~ow regimes within an average
of 204) and a 229) spread for both horizontal ð33\
37Ł and downward inclined ~ows ð11Ł[ Figures 05 and 06
show the two models to be useful in prediction of pressure
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Fig[ 6[ Liquid hold!up RÞL against super_cial gas velocity VÞSG for a � 9> with co!current airÐwater ~ow[ ** 9[9497 m "i[d[# [ [ [ 9[9343
m "i[d[#\ Spedding and Nguyen ð09Ł[ xxx 9[9143 m d[\ VÞSL � 0[534×09−1 m s−0 Beggs and Brill ð1Ł[ Flow regimes] A � St^ B � St¦R^
C � St¦RW^ D � D^ E � St¦RW¦D^ F � F¦D^ G � A¦RW^ H � A¦D[

drop for horizontal ~ow and in the case of the Spedding
and Hand ð33Ł model for hold!up as well[ Prediction for
the inclined data as shown in Figs 07Ð10 was acceptable
"but not as good as in the horizontal mode# for pressure
drop but not for hold!up[

2[ Conclusions

Data are reported for ~ow regimes\ holdup and
pressure drop in a 9[9497 m "i[d[# pipe at angles of ¦4\
9 and −4>[

All existing ~ow regime maps failed in some manner
to correctly predict data[ The Spedding and Nguyen ð4Ł
map gave good prediction of the slug to strati_ed regimes
for all diameters[ This was consistent with the use of Fr
as a mapping parameter since it correctly modelled mix!
ing in turbulent liquid systems[ Transition criteria by
Kowalski ð10Ł for strati_ed ripple to roll wave\ Kokal

and Stanislov ð7Ł for slug to blow!through!slug and Ishii
and Grolmes ð08\ 19Ł for strati_ed to _lm plus droplet all
proved to be reliable[

Corrected maps were proposed for prediction for hori!
zontal and slightly inclined ~ows that will\ with the pro!
ven transition criteria give reasonable prediction[

At high gas ~ow rates both hold!up and pressure drop
was the same for all inclinations\ due to the formation of
annular type ~ow which e}ectively negated any in~uence
of gravity[ For other ~ow conditions the e}ect of incli!
nation on two!phase parameters was complex[

Upward ~ow generally possessed the highest liquid
hold!up due to the tendency to form slug ~ow[ Down!
ward ~ow gave the lowest hold!up at low gas rates while
horizontal ~ow gave the lowest value at higher gas rates[

Pressure drop was di}erent either side of a super_cial
gas velocity of about 09 m s−0[ Below this value upward
~ow possessed the highest pressure loss and the hori!
zontal ~ow the lowest[ Above VÞSG � 09 m s−0 the
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Fig[ 7[ Liquid hold!up RÞL against super_cial gas velocity VÞSG for a −¦4> with co!current airÐwater ~ow[ ** 9[9497 m "i[d[# [ [ [
9[9343 m "i[d[#\ a � ¦1[64>\ Spedding and Nguyen ð09Ł[ Flow regimes] B � St¦R^ C � St¦RW^ F � F¦D^ G � A¦RW^ H � A¦D\
J � St¦BTS^ S � S0^ N � B[
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Fig[ 8[ Liquid hold!up RÞL against super_cial gas velocity VÞSG for a � −4> with co!current airÐwater ~ow[ ** 9[9497 m "i[d[# [ [ [
9[9343 m "i[d[#\ a � −5[06>\ Spedding and Nguyen ð09Ł[ Flow regimes] B � St¦R^ C � St¦RW^ E � St¦RW¦D^ F � F¦D^
G � A¦RW^ H � A¦D\ K � St¦IW[
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Fig[ 09[ The e}ect of pipe angle on the liquid hold!up RÞL against super_cial gas velocity VÞSG[
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Table 0
Models successfully predicting hold!up for various ~ow regimes and diameters 9[9159Ð9[9824 m

Regime 9> −4> and ¦1[64> ¦4> and ¦5[06>

St Kawaji ð29Ł N:A Kawaji ð29Ł
SpeddingÐHand ð20Ł SpeddingÐHand ð20Ł
Hart ð18Ł TaitelÐDukler ð21Ł

ChisholmÐArmand ð22Ł
ChisholmÐLaird ð23Ł

St¦R Hart ð18Ł Hart ð18Ł Hart ð18Ł
Kawaji ð29Ł Kawaji ð29Ł SpeddingÐSpence ð14Ł
SpeddingÐHand ð20Ł SpeddingÐHand ð20Ł TaitelÐDukler ð21Ł

TaitelÐDukler ð21Ł ChisholmÐLaird ð23Ł
ChisholmÐArmand ð22Ł SpeddingÐChen S ð28Ł
Nishino ð25Ł

St¦RW Kawaji ð29Ł Kawaji ð29Ł Kawaji ð29Ł
SpeddingÐHand ð20Ł SpeddingÐHand ð20Ł SpeddingÐHand ð20Ł
LockhartÐMartinelli ð26Ł LockhartÐMartinelli ð26Ł LockhartÐMartinelli ð26Ł
Hart ð18Ł TaitelÐDukler ð21Ł TaitelÐDukler ð21Ł
TurnerÐWallis ð39Ł Hart ð18Ł ChisholmÐLaird ð23Ł

TurnerÐWallis ð39Ł SpeddingÐChen S ð28Ł
SpeddingÐChen II ð28Ł Chen ð24Ł
Hughmark ð27Ł Nicklin ð30Ł

St¦0W Kawaji ð29Ł N:A Kawaji ð29Ł
SpeddingÐHand ð20Ł SpeddingÐHand ð20Ł
LockhartÐMartinelli ð26Ł TaitelÐDukler ð21Ł
ChisholmÐArmand ð22Ł
ChisholmÐLaird ð23Ł
Chen ð24Ł

B Nicklin ð30Ł Nicklin ð30Ł Nicklin ð30Ł
Bonnecaze ð31Ł Bonnecaze ð31Ł Bonnecaze ð31Ł
Rouhani II ð32Ł Rouhani II ð32Ł Rouhani II ð32Ł
Hughmark ð27Ł ChisholmÐLaird ð23Ł
Nishino ð25Ł Chen ð24Ł

S Nicklin ð30Ł Nicklin ð30Ł Nicklin ð30Ł
Bonnecaze ð31Ł Bonnecaze ð31Ł Bonnecaze ð31Ł

SpeddingÐSpence ð14Ł
ChisholmÐLaird ð23Ł
Chen ð24Ł
Nishino ð25Ł
SpeddingÐChen S ð28Ł

St¦BTS LockhartÐMartinelli ð26Ł LockhartÐMartinelli ð26Ł LockhartÐMartinelli ð26Ł
Hughmark ð27Ł Hughmark ð27Ł Hughmark ð27Ł
TurnerÐWallis ð39Ł TurnerÐWallis ð39Ł TurnerÐWallis ð39Ł
Hart ð18Ł Hart ð18Ł SpeddingÐChen II ð16Ł
Kawaji ð29Ł Kawaji ð29Ł ChisholmÐLaird ð23Ł
SpeddingÐHand ð20Ł SpeddingÐHand ð20Ł Chen ð24Ł
Nicklin ð30Ł SpeddingÐChen II ð28Ł Nishino ð25Ł

Rouhani I\ II ð32Ł Nicklin ð30Ł
Rouhani I\ II ð32Ł

"continued on next pa`e#
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Table 0*continued

Regime 9> −4> and ¦1[64> ¦4> and ¦5[06>

A¦BTS SpeddingÐSpence ð14Ł SpeddingÐSpence ð14Ł SpeddingÐSpence ð14Ł
Chen ð24Ł Chen ð24Ł Chen ð24Ł
Nishino ð25Ł Nishino ð25Ł Nishino ð25Ł
LockhartÐMartinelli ð26Ł LockhartÐMartinelli ð26Ł LockhartÐMartinelli ð26Ł
SpeddingÐChen S II ð28Ł SpeddingÐChen S II ð28Ł SpeddingÐChen S II ð28Ł
Hart ð18Ł Hart ð18Ł ChisholmÐLaird ð23Ł

TurnerÐWallis ð39Ł

F¦D Kawaji ð29Ł Kawaji ð29Ł Kawaji ð29Ł
SpeddingÐHand ð20Ł SpeddingÐHand ð20Ł SpeddingÐHand ð20Ł
Hart ð18Ł Nishino ð25Ł SpeddingÐSpence ð14Ł
TaitelÐDukler ð21Ł SpeddingÐChen S II ð28Ł Hart ð18Ł
ChisholmÐArmand ð22Ł TaitelÐDukler ð21Ł
LockhartÐMartinelli ð26Ł ChisholmÐArmand ð22Ł

ChisholmÐLaird ð23Ł
Chen ð24Ł
Nishino ð25Ł
LockhartÐMartinelli ð26Ł
SpeddingÐChen S ð28Ł

A¦W SpeddingÐSpence ð14Ł SpeddingÐSpence ð14Ł SpeddingÐSpence ð14Ł
Hart ð18Ł Hart ð18Ł Hart ð18Ł
SpeddingÐHand ð20Ł SpeddingÐHand ð20Ł SpeddingÐHand ð20Ł
ChisholmÐArmand ð22Ł ChisholmÐArmand ð22Ł ChisholmÐArmand ð22Ł
Chen ð24Ł Chen ð24Ł Chen ð24Ł
Nishino ð25Ł Nishino ð25Ł Nishino ð25Ł
SpeddingÐChen S II ð28Ł SpeddingÐChen S II ð28Ł SpeddingÐChen S II ð28Ł
ChisholmÐLaird ð23Ł LockhartÐMartinelli ð26Ł ChisholmÐLaird ð23Ł
LockhartÐMartinelli ð26Ł Hughmark ð27Ł Hughmark ð27Ł

A¦D SpeddingÐSpence ð14Ł SpeddingÐSpence ð14Ł SpeddingÐSpence ð14Ł
Hart ð18Ł Hart ð18Ł Hart ð18Ł
Chen ð24Ł Chen ð24Ł Chen ð24Ł
SpeddingÐChen S II ð28Ł SpeddingÐChen S II ð28Ł SpeddingÐChen S II ð28Ł

SpeddingÐHand ð20Ł
LockhartÐMartinelli ð26Ł
TurnerÐWallis ð39Ł

D SpeddingÐHand ð20Ł SpeddingÐHand ð20Ł SpeddingÐHand ð20Ł
TaitelÐDukler ð21Ł TaitelÐDukler ð21Ł TaitelÐDukler ð21Ł

ChisholmÐArmand ð22Ł
Chen ð24Ł
Nishino ð25Ł
TurnerÐWallis ð39Ł

A¦S Nicklin ð30Ł Nicklin ð30Ł Nicklin ð30Ł
B¦S ChisholmÐArmand ð22Ł

ChisholmÐLaird ð23Ł
Chen ð24Ł
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Fig[ 00[ Comparison between hold!up calculated using the FergusonÐSpedding relation of equation "0# compared to experimental
values from this work for a � 9>[
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Fig[ 01[ Total pressure loss against super_cial gas velocity VÞSG for a � 9> with co!current airÐwater ~ow[ x 9[9343 m "i[d[#\ Spedding
and Nguyen ð09Ł[



P[L[ Speddin` et al[:Int[ J[ Heat Mass Transfer 30 "0887# 3194Ð3117 3110

Fig[ 02[ Total pressure loss against super_cial gas velocity VÞSG for a � 4> with co!current airÐwater ~ow[ xÐx 9[9343 m "i[d[#\ a � ¦1[64>\
Spedding and Nguyen ð09Ł[
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Fig[ 03[ Total pressure loss against super_cial gas velocity VÞSG for a � −4> with co!current airÐwater ~ow[ xÐx 9[9343 m "i[d[#\
a � ¦5[06>\ Spedding and Nguyen ð09Ł[
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Fig[ 04[ The e}ect of pipe angle on the total pressure loss "**# and frictional pressure loss "xÐx# against super_cial gas velocity VÞSG[
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Fig[ 05[ Comparison between calculated pressure loss by the Olujic ð38Ł method and data of this work\ d�9[

Fig[ 06[ Comparison between the calculated pressure loss using the SpeddingÐHand ð33Ł method and experimental data from this work\
a � 9[
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Fig[ 07[ Comparison between the calculated pressure drop using the Olujic ð38Ł method and experimental data from this work for
a � ¦4[

Fig[ 08[ Comparison between the calculated pressure drop using the Olujic ð38Ł method and experimental data from this work for
a � −4[
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Fig[ 19[ Comparison between the calculated pressure drop using the SpeddingÐHand ð33\ 34Ł method and experimental data from this
work for a � ¦4[

Fig[ 10[ Comparison between the calculated pressure drop using the SpeddingÐHand ð33\ 34Ł method and experimental data from this
work for a � −4[
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opposite was the case[ Indeed\ just above VÞSG � 09 m
s−0\ the upward ~ow geometry exhibited a deep minimum
in pressure loss in the blow!through!slug regime[ These
results have important implications for the design of two!
phase pipelines which is best sloped downward and
upward either side of a VÞSG � 09 m s−0[

Hold!up was di.cult to predict for these angles being
in general ~ow regime dependent[ The Nicklin et al[ ð30Ł
model handled the bubble\ slug and intermittent regimes[
The Kawaji ð29Ł and SpeddingÐHand ð20Ł models han!
dled the strati_ed\ strati_ed roll wave\ strati_ed inertial
wave and _lm droplet regimes while the latter model also
handled the droplet and annular wave pattern[ The Hart
et al[ ð18Ł model predicted the strati_ed ripple and annu!
lar roll wave and droplet regimes[ The LockhartÐMar!
tinelli ð26Ł theory handled blow!through!slug regimes[
The SpeddingÐChen ð28Ł model handled annular blow!
through!slug\ annular wave and droplet regimes[ Since
the Hart et al[ ð18Ł model was only valid for low liquid
~ows the requirement for prediction of the strati_ed rip!
ple regime was met by both the SpeddingÐHand ð33Ł
model and a new correlation[

Pressure drop was successfully predicted for these
angles using the SpeddingÐHand ð33\ 34Ł model[ Despite
this success the hold!up was not successfully predicted by
the model for the inclined data[
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