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Abstract

Data are presented on horizontal and slightly inclined flows at +5 and —5° for a 0.058 m inner diameter (i.d.) pipe
with the co-current air—water system.

The prediction capabilities of existing flow regime maps were shown to be inadequate. However, the transitions for
stratified ripple to role wave, for slug to blow-through-slug, for film plus droplet to stratified, and the modified maps
for stratified type to slug flows all gave good prediction performance with horizontal and slightly inclined flows.

The largest liquid hold-up occurred in upward flow except at high gas rates and low liquid rates where the downflow
condition gave the highest liquid hold-up. The lowest liquid hold-up occurred in downward flow at low gas flow rates
and horizontal flow at high gas flow rates. Hold-up prediction proved to be flow 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 Vgg = 10 ms™".

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 Vgg = 10 m s~' for upward flows. Below
Vsg = 10m s~ ' the pressure loss for downward flow was virtually independent of gas rate being mainly due to hydrostatic
head. As the gas flow approached Vs = 50 m s™! there was very little effect of inclination on the pressure loss.

Pressure drop was successfully predicted although the accompanying hold-up prediction was not always reliable.
© 1998 Elsevier Science Ltd. All rights reserved.

Nomenclature Subscripts

d diameter G gas

g gravitational constant [m s 7] L liquid

H heaviside functions equation (3) S superficial
Ngv gas velocity number, Vig(p,/g0)"* T total.

N,y liquid velocity number, Vg, (p, /go)"*
Fr  Froude number, (VT/\/g»aV)”2

flow rate [m® s™]

holdup

velocity [m s™'].

< =

Greek symbols

o angle degrees

p density [kg m~]

o surface tension [kg s~7.

* Corresponding author.
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1. 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 finding increasing use with
offshore installations is to handle the well head fluids
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 floor finally rising up to the onshore
facilities. In general, multiphase flow exhibits a greater
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pressure loss than the corresponding single phase con-
dition although drag reduction phenomena exist [1]. In
addition small departures from horizontal geometry
affect the flow characteristics. One of the major conse-
quences being that, unlike single phase flow, the hydro-
static component of pressure drop usually will not be
recovered between uphill and downhill flow sections of
pipe. Of the 50 or so papers that have appeared on the
subject of two-phase flow close to horizontal conditions
only three sets of data have given a comprehensive cover-
age of the geometric and the two-phase characteristics
involved [2-8]. 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 [2-4] and the inclination [5-7] were not con-
trolled properly. Despite these problems a number of
models have been formulated for prediction of two-phase
phenomena in inclined flows. Two problems are appar-
ent. The first rises out of the existing data which shows
anomalous effects around the horizontal. The second
concerns the design of fluid 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 flow direction. However, field 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 air—water flow (max rate 0.135
m s~ at 1.05 bar (a) and 0.003 m s~ respectively) in a
0.0508 m (i.d.) perspex pipe at angles of —5, 0 and + 5°.
The design and operation of the equipment was checked
and validated to ensure results were reliable and repro-
ducible. Details are given elsewhere [9].

2. Results and discussion
2.1. Regime maps

All existing flow regime maps have been tested against
data obtained here and elsewhere [10, 11]. 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.

2.1.1. Taitel-Dukler map

The map is presented in Fig. 1. The transition pre-
diction for horizontal flow between smooth stratified and
stratified plus wavy flow was shown to be poor. However,
Andritos and Hanratty [13] were able to predict the strati-
fied plus ripple transition with a better degree of accuracy
by substituting a value of 0.06 for s, the sheltering
coefficient. Even so, the predicted transition was far from
satisfactory at low liquid velocities. Taitel and Dukler

[12] did not distinguish between the various stratified
wavy regimes and the film plus droplet pattern, but
instead assigned a hybrid stratified-wavy region on their
map making it deficient in this respect. The transition
between stratified type flows and the slug regime was
found to give fair prediction which tended to deteriorate
as the pipe diameter rose. Taitel and Dukler [12] showed
that discrepancies between the Weisman et al. [15] data
and the proposed transition method were due to the use
of a short pipe length. A modification to their original
theory was proposed that included pipe length as a par-
ameter for the transition to slug flow. Similarly, the accu-
racy of the predicted transition from stratified wavy to
annular flow was found to deteriorate as the pipe diam-
eter increased, with more film plus droplet observations
being located in the annular region of the map. Tran-
sitions from slug to annular flow are also shown in Fig.
1. The Taitel and Dukler [12] criterion predicted the
transition from slug to blow-through-slug patterns with
better precision. Kokal and Stanislav [8] reported that the
blow-through-slug pattern, which fell on the transition
between slug and wavy annular flow, was difficult to
identify since a problem existed in distinguishing visually
between highly aerated slugs and the annular plus roll
wave flow patterns. This difficulty was overcome in this
work by cross reference to the pressure fluctuations which
clearly identified the transition. Kokal and Stanislow [8]
defined the transition from slug to annular flow which
was found to demarcate well between the slug and blow-
through-slug regimes for the three pipe diameters of
0.0454, 0.0508 and 0.0935 m.

The Barnea and Taitel [16, 17] map followed a very
similar pattern to the Taitel and Dukler [12] map. The
inclined data were even more at variance with these
suggested maps.

2.1.2. Mukherjee and Brill map

Figure 2 shows the flow pattern map developed by
Mukherjee and Brill [4] tested against data. For hori-
zontal flow, the map under-predicted the stratified 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 upflow map also did not handle the blow-through-
slug regime, but the slug to annular boundary gave a
more realistic result than for horizontal flow. For down-
flow, the dominance of stratified type flows was not
reflected by the map. Hence the bubble to slug and slug
to annular transitions were unrealistic. The stratified to
annular transition was again underpredicted in a similar
manner to horizontal flow.

2.1.3. Spedding and Nguyen map
The empirical flow pattern map proposed by Spedding
and Nguyen [5] for horizontal flow were compared with
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Fig. 1. The Taitel and Dukler [12] map compared to the horizontal air—water data for 0.0508 m (i.d.) pipe.

the data obtained for three different diameters. The tran-
sition from slug flow to the stratified regions was pre-
dicted satisfactorily but pipe diameter had a significant
effect on the accuracy of certain of the other flow regime
transitions. The assumption that liquid droplets did not
exist in the gas core during horizontal annular flow was
unfounded and the annular flow patterns were more
properly assigned with the mixed flow patterns where
both phases were discontinuous. Figure 3 details a
suggested modification of the horizontal map which
exhibited better agreements with data for all diameters.
Discrepancies also appeared in the flow pattern maps
proposed by Spedding and Nguyen [5] for inclined flows
when compared with data from this work. The transition
from stratified to slug flow in slightly inclined up-flow
was inaccurate since slug flow was present, at least
initially, for all liquid flow rates requiring that the slug
flow regime should therefore cover a much larger area of
the map than suggested by Spedding and Nguyen [5].
Figure 4 shows the suggested map for inclined flow at
+5°. The map possessed significant differences to the
horizontal case. However, the only difference between
+2.75° data [10] and the 4 5° data of this work was that
the slug to stratified roll wave and blow-through-slug

transitions rose as the angle was increased. Figure 5
shows the suggested map for downward inclined flow at
—5°, which showed minor differences to the Spedding
and Nguyen [5] equivalent.

2.1.4. Transition criteria

The theoretical flow pattern criteria of Weisman et al.
[15] were compared against data as shown in Fig. 6. The
transition from stratified to slug flow over estimated the
experimental data in all cases. The transition from
smooth stratified to wavy flow gave good prediction for
all pipe diameters. The transition to annular flow under-
estimated the experimental data in all cases. Figure 6
shows some film plus droplet observations in the annular
region of the map. Although Weisman et al. [15] used
pipelines of different diameters, the maximum was 0.051
m (i.d.). The transition to annular flow was found by Lin
and Hanratty [18] to occur by two mechanisms which
depended upon the pipe diameter. Annular flow was
found to develop at lower gas velocities by a mechanism
of wave wrapping in a 0.0252 m (i.d.) pipeline, compared
to an annular flow droplet deposition mechanism in a
0.0953 m (i.d.) pipeline. These findings may explain the
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Fig. 2. The Mukherjee and Brill [4] map compared to the horizontal air-water data for 0.0508 m (i.d.) pipe.

occurrence of film plus droplet observations in the Weis-
man et al. [15] annular region.

The entrainment transition criteria of Ishii and Grol-
mes [19, 20] is also shown in Fig. 6 and gave excellent
prediction of the transition to entrained stratified flows
for all pipe diameters. The Kowalski [21] transition also
showed good prediction between the stratified ripple and
roll wave pattern.

2.2. Holdup

Figure 7 shows hold-up results for horizontal flow. The
data present as a logarithmic series of straight lines with
azympotic limiting values of R at both low and high
Vs values where respectively, stratified and droplet flow
occurred. The magnitude of the hold-up and the slopes
of the lines increased steadily with increasing V. Data
by Spedding and Nguyen [10] obtained for 0.0454 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 [2]
also gave general agreement with these findings.

Figures 8 and 9 give results for inclined flow under
corresponding conditions to those used in Fig. 7. For the

purposes of discussion, Fig. 10 groups the data for all
three angles for the highest Vs, value of 4.11x107? m
s~'. Excluding low liquid flows, in general & = + 5° data
possessed a greater value of R, for corresponding flow
conditions. At low Vg values the slug flow regime was
formed for o = 4 5° in contrast to the stratified regime
for the corresponding horizontal and o= —5°
conditions. It was not unexpected therefore, that the R
for o = +5° angle would be greater since, in general,
liquid hold-up for stratified flow 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 flow regimes were developed. At no point did the
o = +5° data fall below that of the o = 0° data even for
the azympotic region at higher Vg rates.

Downward o = — 5° data possessed lower liquid hold-
up values that the corresponding condition at other
angles for Vsg < 20 m s~'. The profile of the o = —5°
data in this region was flat since the stratified plus inertial
wave regime was present. At some point (Vg between 1

and 20 m s~' rising with Vg value) the « = —5° data
crossed over the o = 0° plot. If V5 <0.03 m s~ the
o = —5°data subsequently went on to cross the o = +5°

data and then run parallel to it thereafter. For Vg = 0.03
m s~ ' the « = 0° data were crossed alone.
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Fig. 3. The modified Spedding and Nguyen [5] map compared to the horizontal air-water data for 0.0508 m (i.d.) pipe.

Thus at Vs = 10 m s~ the hold-up values rose steadily
as the angle went from o = —5° through o« =0° to
o = +5° For Vs > 10 ms™' initially the « = +5° data
were higher than and paralleled the corresponding & = 0°
data. However the o = —5° data became larger in value
than either the o« = +5° or o = 0° data except when
Vs >0.03ms™ "

From a practical stand point if operation was below
V< 1 ms™' (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 flow and high-
est in upward flow. However, if 7 > 20 m s~' the liquid
hold-up will be lowest in horizontal flow and highest in
upward flow except when Vg, > 0.03 ms ™' where upward
flow would have the highest hold-up value.

Numerous models have been developed for the pre-
diction of hold-up in two-phase flow 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. [22, 23] 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. [24-28] have detailed models that were
successful in predicting hold-up within an average of
+13% and a +30% spread for horizontal [24-26] and
slightly inclined pipes [27, 28]. Checks using data from
this work and elsewhere [2, 10, 11] have been carried
out and the results showed general agreement with the
predictions found by Spedding et al. [24-28]. A summary
is given in Table 1. There were other models, not shown
in Table 1, that were successful in predicting some flow
regimes but not over the range of angles. These models
were excluded from the recommendation of Table 1. The
results showed an increase in prediction performance
with increasing pipe diameter. In general downward flow
proved to be easiest to predict and upward flow was the
most difficult. Since multi-phase transport is an uncertain
theoretical area at this stage of development any pre-
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Fig. 4. The modified Spedding and Nguyen [5] map compared to the air-water data for 0.0508 m (i.d.) pipe at § = +5°.

diction should not depend on the result from just one
model but be subject to confirmation by the result of a
number of different models in order to obtain a reliable
result. For this reason a number of models are suggested
for each flow regime and angle of inclination.

Equation (1) gives a new relation between hold-up,
Q. /Q+ and pipe diameter using the condition, suggested
by Spedding and Hand [44, 45], that Vsg > 6 ms ™.

5 0O, 07
Ry =(3.5+d)<—> €))
Or

The model was within 4+30% of data for horizontal air—
water data at three different pipe diameters. Figure 11
illustrates the result for the data of this work. It should
be noted that equation (1) will not predict the smooth
stratified, stratified inertia wave, stratified blown-
through-slug, bubble, slug and plug regime. In addition
the data showed a minor effect of liquid rate which is
handled by equations (2) and (3).

2] 0.04
Rs =([2.183d+0.041] Vgﬁ”%(%)

L

L

_ 0.024
- —H(VSL—0.01035))< 7

SL

-2.3170) Q)

where the Heaviside function

7 1/ 2 [*sin(Vs —0.01035
Hwafnomw)zio+gj %KJL;“‘JdO
0

3)
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. 11. Thus equations
(1)=(3) used in conjunction with the Nicklin et al. [41]
model for intermittent flow and the Spedding—Hand [31]
and Lockhart—Martinelli [37] models, can predict the
whole range of flow regimes.
A development for prediction hold-up by Spedding
and Hand [44, 45] will be handled later in the next section.

2.3. Pressure drop

In general the pressure drop data for horizontal and
inclined flows presented as a series of curves with the
same general form but with increasing total pressure loss
as the liquid rate increased. For horizontal flow a series
of parallel straight lines were formed on a log—log plot as
shown in Fig. 12. At low gas rates, where stratified flow
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. 5. The modified Spedding and Nguyen [5] map compared to the air—water data for 0.0508 m (i.d.) pipe at § = —5°.

at the point where the flow regime changed from annular
roll wave to annular droplet flow. 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 o = +5°, shown in Fig. 13, were
much more complex. For the lowest liquid flow, the aver-
age total pressure drop was high at low gas rates since
the flow was in the slug regime. The pressure loss fell with
increasing gas rate until at about Vsg ~ 10 m s~' the
average pressure drop became negative at the onset of
the blow-through-slug regime. Kokal and Stanislav [8]
also reported low pressure gradients over a wide range
of flows due to the formation of such phenomena as
stratification, 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 flow but over a decreased range of gas flows. In
this high gas flow region about Vsg =50 m s~' the
pressure loss was largely unaffected 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 flow. As the liquid rate
was increased the negative pressure loss region decreased

and eventually disappeared and gave a positive minimum
atabout Vs = 10 m s~" in the blow through slug regime.
This would be a preferred operational region for o = +5°
flow.

Figure 14 sets out the pressure drop data for the
o = —5° geometry. At low gas rates in the stratified type
regime the pressure drop changed very little with
increased gas flow. Above Vsg =10 m s~' the data
formed into an approximate straight line region not
unlike that observed for horizontal flow. Figure 15 pre-
sents data for all three angles at the highest liquid velocity
Vs, = 0.0411 m s~'. The inter-relationships between the
data were complex with a number of cross-over points
occurring. For gas flows of Vs < 10 m s~ the horizontal
condition gave the lowest pressure drop. For Vsg = 10—
45 m s~ ' the « = +5° data gave the least pressure drop
and the horizontal geometry the largest. Above Vyg = 45
m s™' the « = —5° geometry gave the greatest pressure
drop and the « = +5° the least. The frictional pressure
drop data are also detailed on Fig. 15 and indicate that
for low gas flow rates Vsg < 5 m s~ a negative frictional
loss was achieved for upward flows. With downward
flows for the same condition Vg < 5m s~ ! the frictional
pressure drop was negligible and the flat portion of the
total pressure drop curve was entirely due to the head of
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Fig. 6. The Weisman et al. [15] transition criteria compared to the horizontal air-water data for 0.0508 m (i.d.) pipe.

fluid present in the tube. The effect of head on the total
pressure drop was only a few percent at high gas rates.
Data from Spedding and Nguyen [10] are also plotted on
Figures 12-14 and indicate general agreement with the
current work. This stands in contrast to the data of Beggs
and Brill [2] etc. [8, 46, 47] which exhibited considerable
variation from the present work.

The pressure loss fluctuations for horizontal flow were
significantly different to that for the uphill slug flow
pattern. The characteristic steep front, body and tail of
the horizontal slug pressure profile were absent in the
o = +5° 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 fluctuations normally associ-
ated with horizontal stratified flow did not exist in down-
hill flow. In general for the downhill mode the range of
pressure drop variation was greater and there were more
fluctuations in the profile. This was in addition to a sig-

nificant expansion in the range of flow rates over which
the stratified regime occurred.

Kokal and Stanislav [8] reported that for air—oil down-
ward flow the liquid on the base of the pipe moved faster
than for the corresponding horizontal condition due to
the effect of gravity and resulted in lower liquid hold-up
for these flows. In uphill flow the effect was reversed.
They considered downhill stratified flow to be a complex
flow situation since stratification and secondary flow pat-
terns were set-up in the liquid phase. Mukherjee and Brill
[3] agreed with these general observations on inclined
flow.

These differences in the characteristic pattern of
pressure drop between the three different angles for the
same flow regime highlight the problems which have been
encountered when attempting to predict performance.
Ferguson and Spedding [48] have shown that the models
of Olujic [49] and Spedding and Hand [44] predicted
pressure drop for certain flow regimes within an average
of +15% and a +30% spread for both horizontal [44,
48] and downward inclined flows [22]. Figures 16 and 17
show the two models to be useful in prediction of pressure
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drop for horizontal flow and in the case of the Spedding
and Hand [44] model for hold-up as well. Prediction for
the inclined data as shown in Figs 18-21 was acceptable
(but not as good as in the horizontal mode) for pressure
drop but not for hold-up.

3. Conclusions

Data are reported for flow regimes, holdup and
pressure drop in a 0.0508 m (i.d.) pipe at angles of +35,
0 and —5°.

All existing flow regime maps failed in some manner
to correctly predict data. The Spedding and Nguyen [5]
map gave good prediction of the slug to stratified 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 [21] for stratified ripple to roll wave, Kokal

and Stanislov [8] for slug to blow-through-slug and Ishii
and Grolmes [19, 20] for stratified to film plus droplet all
proved to be reliable.

Corrected maps were proposed for prediction for hori-
zontal and slightly inclined flows that will, with the pro-
ven transition criteria give reasonable prediction.

At high gas flow rates both hold-up and pressure drop
was the same for all inclinations, due to the formation of
annular type flow which effectively negated any influence
of gravity. For other flow conditions the effect of incli-
nation on two-phase parameters was complex.

Upward flow generally possessed the highest liquid
hold-up due to the tendency to form slug flow. Down-
ward flow gave the lowest hold-up at low gas rates while
horizontal flow gave the lowest value at higher gas rates.

Pressure drop was different either side of a superficial
gas velocity of about 10 m s™'. Below this value upward
flow possessed the highest pressure loss and the hori-
zontal flow the lowest. Above Vg =10 m s~' the
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Table 1

Models successfully predicting hold-up for various flow regimes and diameters 0.0260-0.0935 m

Regime 0° —5%and +2.75° +5%and +6.17°

St Kawaji [30] N/A Kawaji [30]
Spedding—Hand [31] Spedding—Hand [31]
Hart [29] Taitel-Dukler [32]

Chisholm—Armand [33]
Chisholm—Laird [34]

St+R Hart [29] Hart [29] Hart [29]
Kawaji [30] Kawaji [30] Spedding—Spence [25]
Spedding-Hand [31] Spedding-Hand [31] Taitel-Dukler [32]

Taitel-Dukler [32] Chisholm—Laird [34]
Chisholm-Armand [33] Spedding—Chen S [39]
Nishino [36]

St+RW Kawaji [30] Kawaji [30] Kawaji [30]
Spedding-Hand [31] Spedding-Hand [31]  Spedding-Hand [31]
Lockhart—Martinelli [37] Lockhart—Martinelli [37] Lockhart—Martinelli [37]
Hart [29]  Taitel-Dukler [32] Taitel-Dukler [32]
Turner—Wallis [40] Hart [29] Chisholm—Laird [34]

Turner—Wallis [40]  Spedding—Chen S [39]
Spedding—Chen 11 [39] Chen [35]
Hughmark [38]  Nicklin [41]

St+1W Kawaji [30] N/A Kawaji [30]
Spedding-Hand [31] Spedding-Hand [31]
Lockhart-Martinelli [37] Taitel-Dukler [32]
Chisholm—Armand [33]

Chisholm-Laird [34]
Chen [35]

B Nicklin [41]  Nicklin [41]  Nicklin [41]
Bonnecaze [42] Bonnecaze [42] Bonnecaze [42]
Rouhani II [43] Rouhani Il [43] Rouhani Il [43]
Hughmark [38] Chisholm-Laird [34]
Nishino [36] Chen [35]

S Nicklin [41]  Nicklin [41]  Nicklin [41]
Bonnecaze [42] Bonnecaze [42] Bonnecaze [42]

Spedding—Spence [25]
Chisholm-Laird [34]
Chen [35]
Nishino [36]
Spedding—Chen S [39]

St+BTS Lockhart-Martinelli [37] Lockhart-Martinelli [37] Lockhart-Martinelli [37]
Hughmark [38] Hughmark [38] Hughmark [38]
Turner—Wallis [40]  Turner—Wallis [40]  Turner—Wallis [40]
Hart [29] Hart [29] Spedding—Chen II [27]
Kawaji [30] Kawaji [30] Chisholm—Laird [34]
Spedding-Hand [31] Spedding-Hand [31] Chen [35]
Nicklin [41] Spedding—Chen I1 [39] Nishino [36]

Rouhani I, 11 [43]  Nicklin [41]
Rouhani I, 1T [43]

(continued on next page)



4218 P.L. Spedding et al./Int. J. Heat Mass Transfer 41 (1998) 4205-4228

Table 1—continued

Regime 0°

—5%and +2.75°

+5%and +6.17°

A+BTS Spedding—Spence
Chen

Nishino

Lockhart—Martinelli

Spedding—Chen S 1T
Hart

F+D Kawaji
Spedding-Hand
Hart
Taitel-Dukler
Chisholm—Armand
Lockhart—Martinelli

A+W Spedding—Spence
Hart
Spedding—Hand
Chisholm—Armand
Chen
Nishino
Spedding—Chen S 11
Chisholm—Laird
Lockhart—Martinelli

A+D Spedding—Spence
Hart
Chen

Spedding—Chen S 11

D Spedding-Hand
Taitel-Dukler

A+S Nicklin
B+S

[25]
[33]
[36]
[37]
1391
[29]

(30]
(31]
[29]
(32]
33]
[37]

[29]
[29]
31]
33]
[33]
[30]
139]
B34
[37]

[25]
[29]
[35]
1391

31
[32]

[41]

Spedding—Spence
Chen

Nishino

Lockhart—Martinelli

Spedding—Chen S II
Hart

Kawaji
Spedding-Hand
Nishino
Spedding—Chen S 11

Spedding—Spence
Hart
Spedding—Hand
Chisholm—Armand
Chen

Nishino
Spedding—Chen S 11
Lockhart—Martinelli
Hughmark

Spedding—Spence
Hart

Chen
Spedding—Chen S I1

Spedding-Hand
Taitel-Dukler

[41]

Spedding—Spence
Chen

Nishino

Lockhart—Martinelli

Spedding—Chen S II
Chisholm-Laird

Turner—Wallis

Kawaji
Spedding-Hand
Spedding—Spence
Hart
Taitel-Dukler
Chisholm—Armand
Chisholm-Laird
Chen

Nishino
Lockhart—Martinelli
Spedding—Chen S

Spedding—Spence
Hart
Spedding—Hand
Chisholm—Armand
Chen

Nishino
Spedding—Chen S 11
Chisholm—Laird
Hughmark

Spedding—Spence
Hart

Chen
Spedding—Chen S 11
Spedding-Hand
Lockhart-Martinelli
Turner—Wallis

Spedding-Hand

Chisholm—Armand
Chen

Nishino
Turner—Wallis

Nicklin
Chisholm—Armand
Chisholm-Laird
Chen
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opposite was the case. Indeed, just above Vsg = 10 m
s~ !, the upward flow 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 Vgg = 10 m s~

Hold-up was difficult to predict for these angles being
in general flow regime dependent. The Nicklin et al. [41]
model handled the bubble, slug and intermittent regimes.
The Kawaji [30] and Spedding—Hand [31] models han-
dled the stratified, stratified roll wave, stratified inertial
wave and film droplet regimes while the latter model also
handled the droplet and annular wave pattern. The Hart
et al. [29] model predicted the stratified ripple and annu-
lar roll wave and droplet regimes. The Lockhart-Mar-
tinelli [37] theory handled blow-through-slug regimes.
The Spedding—Chen [39] model handled annular blow-
through-slug, annular wave and droplet regimes. Since
the Hart et al. [29] model was only valid for low liquid
flows the requirement for prediction of the stratified rip-
ple regime was met by both the Spedding-Hand [44]
model and a new correlation.

Pressure drop was successfully predicted for these
angles using the Spedding—Hand [44, 45] model. Despite
this success the hold-up was not successfully predicted by
the model for the inclined data.
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