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The flow pattern characteristics for a mixture of naphtha and nitrogen in a 52-m
high, 189-mm diameter vertical pipe at 20 and 90 bar are reported. Time varying,
void fraction and pressure variations along the riser were measured. For the former,
gamma densitometers were employed. It was found that the classic slug flow pattern
was not present in these experiments. The observed flow patterns are classified as bub-
ble, intermittent, semiannular, and annular. All the methods for flow pattern transitions
in vertical two-phase flow tested against the present experiments give poor predictions.
The identification and delineation of flow patterns using probability density function
distribution of the cross-sectionally averaged void fraction is consistent with the meth-
ods of employing pressure gradient fluctuations and structure velocity. © 2007 American
Institute of Chemical Engineers AIChE J, 53: 2493-2504, 2007
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Introduction

Typically, in offshore exploration of oil and gas, steeply
inclined riser pipelines link the seabed system to the floating
production vessel. With fields being developed in ever
increasing water depths, the importance of large diameter
vertical and steeply inclined riser systems to limit the pres-
sure drop is increasing. New field developments such as Gir-
assol (operated by TotalFinaElf) and Roncador (Petrobras)
are about 1300- and 1500- to 2000-m deep, respectively. The
limitation of available data to diameters much smaller than
those typical of field applications provides severe challenges
to the methodologies derived from work on smaller diameter
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pipes for predicting flow pattern, phase fraction (hold-up),
and pressure gradient. This is because current evidence sug-
gests that flow patterns and other parameters are different in
small and large pipes.

There is very little work available in large diameter verti-
cal pipes. Hills,! Hashemi et al.,2 Kytomaa and Bremen,3
and Cheng et al* are a few of the researchers to have
worked with such pipes. The results of studies seeking the
bubble/slug transition of air—water flows in a 150-mm diame-
ter pipe by Cheng et al.* indicated that over the ranges of
flow rates where slug flow would normally appear, no con-
ventional large bubbles occupying the majority of the pipe
cross section were seen except under transient conditions
such as start-up. This was contrary to previous investigations
by many researchers. For example, Taitel et al.> and Costi-
gan and Whalley,® with pipes of smaller diameters seem to
suggest that gas-liquid two-phase flow in vertical pipes
exhibits bubble, slug, churn, and annular flows with the
increase of void fraction. Cheng et al.* concluded that instead
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of traditional slug flow in their column, there is a very grad-
ual transition to a type of churn flow as the gas rate is
increased. However, they found that the void fraction fluctu-
ated periodically. This was observed in the signals of cross-
sectionally averaged void fraction and point void fraction
probes and is a behavior associated with intermittent flows.
Ohnuki and Akimoto’ investigated upward air-water two-
phase flow in a large diameter pipe (200 mm) and reported
that churn flow is dominant in the large diameter pipe under
the conditions where small-scale pipes have slug flow. Based
on observations through the transparent pipe wall they classi-
fied the flow patterns observed as undisturbed bubbly, agi-
tated bubbly, churn bubbly, churn slug, and churn froth. This
type of observations are difficult and what is seen is biased
by the bubbles or film near the wall. Ohnuki and Akimoto’
also reported radial profiles of time averaged velocities, void
fraction, and bubble sizes. Though these profiles can distin-
guish between the wall peak and centre peak types of bubbly
flows, they are not so useful at discriminating between other
flow patterns. In one of their figures, Ohnuki and Akimoto
show radial void fraction profiles from their 200-mm pipe
for a run that they identify as churn flow and from a smaller
(25 mm) pipe in which the run is slug flow. There is nothing
to distinguish the profiles. Some confirmation of the flow pat-
terns suggested by Ohnuki and Akimoto is provided by work
at Rossendorf, Germany using their mesh electrode system as
described in the papers of Prasser et al.® They could produce
virtual side projections for air/water in a 194-mm pipe. These
are integrated versions given a view as would be seen
through a transparent pipe wall. It is not so easy to discrimi-
nate flow patterns from this view. However, projections of
the data from across a diameter show support for the flow
patterns suggested by Ohnuki and Akimoto. In experiments
performed by Kobayashi et al.,’ ideally shaped Taylor bub-
bles were absent and the observed flow patterns were similar
to those obtained by Ohnuki and Akimoto.” Kytomaa and
Brennen® in their work with air and water in a 102-mm
diameter column, found a transition from bubbly flow to
churn-turbulent rather than to slug. There exists therefore, a
strong possibility that slug flow does not actually exist in
large diameter pipes in the form envisaged by the most com-
monly used flow pattern maps. Later work'%"? corroborates
the absence of conventional slug flows in large diameter
pipes.

Hills et al.'? reanalyzed the data of Cheng et al.* and
found that the time series data from local void fraction
probes and those from cross-sectionally averaging probes
showed the same characteristic frequency.

The material published to date on gas/liquid flow in large
diameter vertical pipes has been on air and water at near
atmospheric pressure. To appreciate the effect of gas density,
liquid viscosity, and surface tension it is possible to draw on
the extensive literature on bubble columns. These units oper-
ate with zero or very small liquid velocity. Research has
been published on columns of 0.1- to 1-m diameter but with
lengths of 1-4 m. A major observation is that at low gas
rates, the flow consists of small bubbles uniformly dispersed
about the column. This is normally called homogeneous
flow. It differs from the usage of this word in gas/liquid flow
in pipes where equal gas and liquid velocity are implied. In
bubble columns it implies well dispersed small bubbles. At
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higher gas velocities larger bubbles which are interspersed
between the small ones appear. This is termed the heteroge-
neous regime as all extra gas is believed to go into the large
bubbles. The gradient of void fraction with gas superficial
velocity is smaller in the heterogeneous regime than in the
homogeneous regime. Though much of the work has been
carried out with water, some papersm_16 present data for or-
ganic liquids which show a slightly higher void fraction than
for water. The effect of gas density has been studied by
using: (i) different gases'® and (ii) increase of pressure.'’
This increase in the gas density increases the void fraction
but the effect peters off at about a value of 10 kg/m3. The
effect of mixtures was examined using water with alco-
hols'®" or sodium sulphate®® or with mixtures of organic
chemicals.?® The effect of the additive is to increase void
fraction but the void fraction/gas superficial velocity gradient
in the heterogeneous regime is lower than that for the pure
substance. In both cases (increase in gas density and the
addition of additives), the increase in void fraction is
believed to be due to a movement of the homogeneous/heter-
ogeneous transition point. The general consensus is that the
effect of additives achieves this by inhibiting coalescence of
bubbles. This is supported by work which has measured bub-
ble sizes.?® Letzel et al.'” produced a model to predict the
void fraction which provides separate equations involving
many empirical constants for the small and large bubble void
fractions. These are then combined. The papers cited above
are not the only ones covering this material but are excem-
plars.

In this article, time varying void fraction and pressure gra-
dient data have been obtained for a two-phase mixture of
nitrogen and naphtha at high pressures in the 189-mm diame-
ter, 52-m high vertical riser of the SINTEF Multiphase Flow
laboratory in Norway. The results have been analyzed for the
purpose of establishing and delineating the extant flow pat-
terns and their transitions. Comparisons have been made with
the most common prediction methods for flow patterns and
improved flow pattern transitions for our conditions are
presented.

Prediction Methods for Flow Pattern
Transitions

Radovcich and Moissis®' attributed the bubble-to-slug tran-
sition to collisions between small bubbles, some of which
results in coalescence, producing bubbles that are similar in
diameter to the tube and characteristic of slug flow. Bubbly
flow is thus a transient and intermediate flow regime, which,
after a long enough residence time in a pipe, will develop
into slug flow. Taitel et al.’> were in agreement with the
claim that gradual bubble coalescence is responsible for the
transition. An increase in gas rate corresponds to an increase
in bubble density which results in a greater rate of coales-
cence. At higher liquid flow rates, the bubbles formed as a
result of agglomeration can be broken up by turbulent fluctu-
ations. This dispersed bubble pattern can be maintained if
the break-up intensity is sufficient to prevent recoalescence.
However, at liquid rates low enough so that bubble break-up
due to turbulence is small, the number of collisions increases
and a there is sharp rise in the agglomeration to larger bub-
bles. It is only by this mechanism that discrete bubbles com-
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Table 1. Physical Properties of Nitrogen and Naphtha

Density Viscosity Surface Tension
Pressure (bar) Temperature (°C) Gas (kg/m3) Liquid (kg/m3) Gas (Pa s) Liquid (Pa s) (N/m)
20 30 23.4 702.3 1.77E-05 3.59E-04 0.0185
90 30 102.5 700.5 1.93E-05 3.25E-04 0.0134

bine into the larger vapor spaces, with a diameter approxi-
mately equal to the tube. Taitel et al’ proposed that this
occurs as the void fraction reaches 0.25 and results in a tran-
sition to slug flow.

Based on an extensive literature search, Jayanti and
Hewitt*? identified four major and different mechanisms for
the transition from slug to churn flow. These are entrance
mechanism,S’23 flooding mechanism,24 wake effect mecha-
nism,” and bubble coalescence mechanism.?® Jayanti and
Hewitt*? propose the mechanism of flooding as the most
likely cause of the transition from slug to churn flow in verti-
cal tubes. An improvement to the modeling of the flooding
mechanism given by McQuillan and Whalley,24 which was
capable of predicting the transition over the full range of lig-
uid rates, is also suggested. In the model of Jayanti and
Hewitt,22 the empirical correlation of Brotz®’ for the film
thickness surrounding the Taylor bubble which Fulford®®
showed to be applicable over a wide range of film Reynolds
numbers, replaced the relationship of Nusselt.”’ The second
major modification was the incorporation of an empirical
correlation to account for the effect of the length of the fall-
ing film on the flooding velocity. The model of Jayanti and
Hewitt>? was found to give good predictions of the slug-to-
churn transition by Watson and Hewitt.*°

Barnea®'*? developed a model for the transition from an-
nular to intermittent flow, in which the effect of inclination
is incorporated. This eliminated the problem of selecting an
applicable model for different inclinations, as the transition
criteria is the same. The transition from annular to intermit-
tent flow is proposed to occur when the gas core is blocked
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Figure 1. Schematic diagram of the large scale loop rig
with the riser test section.
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at any location by the liquid. There are two mechanisms by
which this blockage may occur. The first mechanism which
predominates at low liquid flow rates is the instability of the
annular configuration. The second mechanism is caused by
spontaneous blockage of the gas core as a result of axial
transfer of liquid in the film. This instability is a result of the
low core shear stress causing the downward flow of the film
and blockage of the gas core.

Experimental Arrangement

The experimental facility described by Norris et al.>® in
which the test section encompasses a long horizontal pipeline
culminating in a riser, has been modified to introduce the gas
and liquid phases at the base of the vertical riser, to mini-
mize upstream effects. The test fluids used were nitrogen and
naphtha (a mixture of liquid hydrocarbons) at pressures of 20
and 90 bar and a nominal temperature of 30°C. Table 1 gives
the physical properties of nitrogen and naphtha at these con-
ditions. The naphtha is a mixture of 66 hydrocarbon chemi-
cals created to model those liquids produced from wells. It
contains molecules with 3 to 25+carbon atoms, is mainly
aliphatic but contains ~16% by weight C¢ ring compounds
and ~5% Cs ring compounds. The major components (pen-
tane, hexane, methyl cyclopentane, and cyclohexane) consti-
tutes ~45% by weight.

A simplified schematic diagram of the experimental
arrangement is shown in Figure 1. The test section consists
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Figure 2. Flow development along the riser test sec-
tion; liquid superficial velocity of 0.05 m/s
and gas superficial velocities of 0.1, 0.2, 0.4,
and 1 m/s, respectively.
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Table 2. Typical Time Varying, Void Fraction Traces, and Probability Density Function Plots
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of a 52-m high riser with an internal pipe diameter of 189
mm. The two-phase flow from the riser enters the top separa-
tor where the initial separation occurs. The liquid falls
through the drop-leg to the horizontal separator where any
residual gases are removed, after which the liquid is trans-
ferred to the mixing point using centrifugal pumps. The lig-
uid flow rate was measured by one of four turbine meters.
The gas passed through a scrubber to remove any residual
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liquid and then recompressed. Its flow rate was measured
with one of three vortex flow meters and then is mixed with
the liquid phase. In the course of the experiments, three dif-
ferent mixing configurations were used to introduce the gas
phase. In one the gas was introduced through 300, 5-mm di-
ameter holes on the inside wall of the annulus through which
the liquid flowed and the bubbly mixture entered the main
pipe. In the second arrangement the gas entered through a
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central pipe and the liquid through an annular gap. In some
tests, both methods were used simultaneously.

Gamma densitometers were used to determine time vary-
ing, phase fractions in the riser test section. As the gamma
rays are attenuated differently in gas and liquid, the radia-
tion intensity at the detector depends on the phase distribu-
tion in the pipe. The densitometers employ a Cs 137 radio-
active source with a half life of 30.07 years and an original
strength of 300 mCi. Two types of gamma instruments
have been used: the fast volume weight meter (FVWM)
and single beam gamma densitometer (SBGD). The
FVWM uses a broad beam to give a cross-sectionally aver-
aged phase fraction while the SBGDs are simpler and use a
single beam to yield line fractions which can be used for
observing the propagation of structures. The gamma densi-
tometers were subjected to rigorous daily calibration proce-
dures.

The location of the instrumentation along the riser test sec-
tion is shown in Figure 1. SBGDs were positioned at 82
(15.58 m), 113 (21.45 m), 157 (29.67 m), 210 (39.67 m),
and 211 (39.97 m) pipe diameters downstream of the mixing
point. Time varying, cross-sectionally averaged void fraction
is acquired from the FVWM at a distance of 207 pipe diame-
ters (39.17 m) downstream of the mixer, at which position
the flow is expected to have developed. The local pressures
in the riser test section are measured by three pairs of sensi-
tive differential pressure transmitters (DP 1-3), which are
located at 16.7, 32.8, and 41 m above the mixing point. The
transmitters measured the difference in pressure between the
two-phase flow line and a nitrogen-filled reference line
whose absolute pressure was known. Time varying pressure
gradient data is obtained by performing a linear regression
analysis of the pressure data from all three measuring posi-
tions. Two temperature sensors are located at the top and
bottom of the riser. A pressure transducer (DP-4) and tem-
perature sensor are positioned at the gas measurement station
so that accurate estimates of the flow in the riser are
obtained.

For each experiment, data from the flow meters, gamma
densitometers, pressure transducers, and temperature sensors
were acquired at 50 Hz for 300 s.

Results and Analysis

Two-phase flow measurements were taken at gas superfi-
cial velocities of 0.09 to 14.8 m/s for liquid superficial veloc-
ities of 0.004 to 4 m/s at 20 bar and gas superficial velocities
of 0.1 to 6 m/s for liquid superficial velocities of 0.004 to
3 m/s at 90 bar.

Flow development

It was observed that the downstream flow characteristics
were unaffected by the mixing configuration employed. Prob-
ability density function (PDF) plots of the line void fraction
measurements obtained from the single beam densitometers
at different axial locations were used to describe the flow
development along the test section. The representative PDF
plots given in Figure 2 are for experiments at 20 bar for a
liquid superficial velocity of 0.05 m/s and gas superficial
velocities of 0.1, 0.2, 0.4, and 1 m/s.
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Figure 3. Critical void fraction for various bubble
sizes.3*

At the first measurement station, the void fraction distribu-
tions in all four experiments are characterized by a single
peak situated at high void fractions. As expected, the void
fraction distribution shifts towards higher values with an
increase in the gas superficial velocity. The most profound
change between the lowest and highest PDF plots is observed
when the gas superficial velocity is 0.2 m/s. Here, the void
fraction distribution evolves from a single high void fraction
peak to a lower void fraction peak and an elongated tail.
This change suggests a transformation in flow pattern along
the test section. At gas superficial velocities of 0.1, 0.4, 1.0
m/s, the change in the PDF plots with height is less dramatic,
albeit the data at 0.4m/s possesses a broader PDF distribu-
tion. The consistency of the PDF plots between the third and
the highest densitometers suggests that the flows can be said
to be fully developed from 157 pipe diameters (or 29.7 m)
above the riser inlet.

Flow pattern identification

Time varying void fraction traces and their corresponding
PDF distributions have been used to identify the observed
flow patterns, in a similar manner to Costigan and Whalley.6
Typical examples are shown in Table 2 for a liquid superfi-
cial velocity of 0.05 m/s at 20 bar. The current flow patterns
have been classified as either bubble, intermittent, semiannu-
lar, and annular, in contrast to the established bubble, slug,
churn, and annular flow patterns in smaller pipes.

Bubble flow is taken to cover both the classic flow pattern
in which small bubbles are distributed in a liquid continuum
and the churn-turbulent pattern. The PDF distributions are
characterized by narrow single peaks. These occur at void
fractions of up to 0.7 which is close to the value for maxi-
mum packing. The value is also identified in the changes in
trends in the variation in pressure gradient intensity discussed
below. It also is in line with the trends seen in critical void
fraction for bubble/slug transition. Azzopardi** has gathered
data which indicates that where the bubble size is known the
critical void fraction is shown to depend on the dimension-
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Figure 4. Data for air/water flow in a 194-mm diameter
vertical pipe and its visual reconstruction.
(a) Original resolved data: right hand images—complete
data; left hand images—Ilarge bubbles only; (b) probability
density function of (c); (c) time varying cross-sectionally
averaged void fraction. Reproduced with the kind permis-
sion of H.-M. Prasser, Forschungszentrum Rossendorf, Ger-
many.

less inverse bubble size, i.e., the pipe to bubble diameter
ratio. This is reproduced in Figure 3. If typical bubble sizes
of 5-15 mm are assumed for the present work, then a critical
void fraction of about 0.7 appears possible. It is noted that
this is obtained by extrapolation. This value of 0.7 should be
contrasted with those used in previous work. In smaller pipe
sizes Taitel et al.’ and Mishima and Ishii*> propose that the
critical void fraction for the transition from bubbly to slug
flow is 0.25 and 0.30, respectively. Though Zhu et al.'* using
an air—water mixture in a 200-mm diameter vertical tube
quoted a transition at a void fraction of 0.16, this is between
bubble and churn-turbulent, a flow pattern transition not pres-
ent in the current study.

A void fraction of at least 0.85 is taken to signify the
onset of annular flow. This value was chosen because it
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Figure 5. Time varying, pressure gradient for liquid su-
perficial velocity of 0.05 m/s at 20 bar.

Gas superficial velocities: top, 0.21 m/s (intermittent), bot-
tom, 1.0 m/s (semiannular).

agrees with the observation of Costigan and Whalley6 that
for annular flow their measured void fractions were always
above 0.8. The PDF distribution for annular flow consists of
a narrow single peak at high void fractions. Though a similar
distribution is obtained for void fractions between 0.7 and
0.85, annular flow is linked with void fraction >0.85 because
a similar transition is obtained from the trends in structure
velocity with mixture velocity discussed below.

The flow pattern showing more pronounced fluctuations in
the void fraction traces and where periodic structures are
present is referred to as intermittent flow. A feature of the
PDF distribution is a “peak and a half” or a broad peak
existing between the void fractions of 0.5-0.8. This is unlike
the very distinct bi-modal peaks representing the liquid slug
and Taylor bubble in slug flow and we do not therefore con-
sider this regime to be slug flow. It is possible that this flow
regime contains bubbles not quite approximating to the tube
diameter and highly aerated liquid slugs. Notably, none of
the void fraction traces represents the oscillatory structure of
churn flow which has been previously reported for a wide
range of vertical pipes by Omebere-Iyari and Azzopardi®
and Cheng et al.® amongst others in 5- and 150-mm-diameter
pipes, respectively.
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Figure 6. Standard deviation/mean of pressure gradient versus gas superficial velocity at: (a) 20 bar; (b) 90 bar.
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Evidence to support the absence of slug flow can be seen
in the cross-sectionally resolved images given in Figure 4.
They were obtained using wire mesh sensors for air/water
flow in the TOPFLOW facility of Forschungszentrum
Rossendorf, in a pipe of similar diameter to the present
arrangement. For their time varying, cross-sectionally aver-
aged void fraction possessing similar fluctuations to the inter-
mittent regime from the present experiments, the gas distri-
bution shows that the bubbles contained in the pipe do not
occupy the majority of the cross section and are not the clas-
sic Taylor bubbles associated with slug flows in smaller

pipes.

Pressure gradient

If the pressure gradient results in Figure 5 are compared
with the void fraction data in Table 2 for intermittent and
semiannular flow, an interesting feature is that perturbations
in the void fraction are replicated in the pressure gradient.
Plots of the ratio of standard deviation/mean of the pressure
gradient versus gas superficial velocity given in Figure 6
show that for liquid superficial velocities less than 0.5 m/s,
maximum and minimum values are obtained. The signifi-

Time delay =46 s
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Knwayi .
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Correlation coefficient
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cance of these changes to flow pattern transitions will be dis-
cussed later.

Structure velocity

Cross-correlating the time varying, void fraction obtained
from the gamma densitometers placed at 39.67 m (SBGD-4)
and 39.17 m (FVWM) from the mixing point yields time
delay, from which structure velocity is determined as the dis-
tance of separation is known. In addition to the flow being
fully developed at this distance, the choice of these densi-
tometers for cross-correlation is further motivated by their
small integration times (16 and 20 ms) and close proximity
(0.5 m). The axial resolution of the gamma densitometers
which is the shortest visible structure is estimated using the
relationship below:

Axial Resolution = 2 X structure velocity X integration time

ey

The factor of 2 is based on Nyquist’s theorem which means
that the highest frequency of structures that can be observed
is half the sampling frequency. Figure 7 shows that structures
from ~1-pipe-diameter in length are resolved by the densi-
tometers used in the present cross correlation analysis.

In Figure 8, typical cross correlation sequences are given
for an experiment where there is a distinct time delay and
another for which there is no correlation. The structure
velocities obtained are compared with the correlation by
Nicklin et al.*® for fully developed slug flow in Figure 9.
Generally, the agreement is good at 20 and 90 bar for low to
medium mixture velocities. The good agreement of the pres-
ent data with Nicklin et al.®® at low to medium mixture
velocities cannot be used to support the existence of slugs as
Azzopardi37 has shown that this relationship agrees well with
the velocities of void waves in bubbly flow and wispy annu-
lar flow. At high mixture velocities, corresponding to high
gas velocities, there is no dominant time delay and the exper-
imental structure velocities are indeterminate. The circumfer-
ential localization of waves in annular flow observed in large
diameter pipes as explained by Azzopardi38 provides an ex-
planation for the cases where there is poor correlation. For

1
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Figure 8. Cross correlation sequence at 20 bar for liquid superficial velocity of 0.05 m/s and gas superficial

velocities of: (a) 0.3 m/s; (b) 4.0 m/s.
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Figure 10. Drift flux relationship at: (a) 20 bar; (b) 90 bar.

liquid superficial velocities than 1 and 0.5 m/s at 20 and 90
bar, respectively, the time varying, void fraction data do not
show any strong correlation due to the absence of any pro-
nounced structures and the dispersed nature of the flow.

Drift flux, void fraction, and phase distribution

Zuber and Findlay® proposed the two-phase flow drift
flux model as:

ture velocity, and drift velocity,respectively. Figure 10 shows
that for the present data, a linear relationship exists between
the gas and mixture velocities. The drift velocity and distri-
bution coefficient which are given by the slope and y-inter-
cept respectively, are presented in Table 3 along with the

| Liquid superficial velocity (m/s)

0004 03 1 3
s =
Uy '
Uy =—2=Co(Un) + Vi @ = ¢
Sg [ ] P * & ™ *
0.8 f, oo ¥
where U,, Ugs, &, Co, Um, and Vg are gas velocity, gas su- E e “
perficial velocity, void fraction, distribution coefficient, mix- g 0.6
=
. . . 204
Table 3. Comparsion of Drift Flux Parameters with Kataoka 2 *
and Ishii (1987)* oz} &
Present Kataoka and
Data Ishit (1987) % 2 4 6 8 10 12 14 16
20 bar Drift velocity, m/s 0.07 0.19 Gas superficial velocity (m/s)
Distribution coefficient 1.08 1.16 "
90 bar Drift velocity, m/s 0.09 0.13 Figure 11. Effect of gas and liquid superficial velocities
Distribution coefficient 1.15 1.12 on void fraction.
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Figure 12. Comparison of measured void fraction with
model of Krishna et al.'®

N/N—mnitrogen/naphtha, present work at 15 or 40 m from
entrance. Liquid superficial velocity = 0.004 m/s. A/W—
air/water data from Cheng et al."—pipe diameter = 150
mm—Iiquid superficial velocity = 0 m/s.

predictions from Kataoka and Ishii.** The correlation of
Kataoka and Ishii*® overpredicts the drift velocities at 20 and
90 bar, but is consistent with the distribution coefficient.
Shoukri et al.*! applied the drift flux relationship to their air/
water data in a 200-mm diameter vertical pipe and that of
Hills** for the same mixture in a 150-mm diameter vertical
pipe. The drift velocity which is reported to be 0.45 m/s is
much greater than the present values of 0.07 and 0.09 m/s at
20 and 90 bar, respectively.

An explanation for this might be found if the void frac-
tions are examined directly. Figure 11 shows data from the
20-bar experiments. Very high void fractions are seen at the
lowest liquid flow rate with values decreasing with increasing
liquid superficial velocity. The data at the lowest liquid ve-
locity, together with a set from the air/water experiments of
Cheng et al.* at zero liquid flow rate, are compared with the
model of Letzel et al.'” in Figure 12. There is good agree-
ment with the data of Cheng et al.* in both gradient and

Shen et al. (2005)
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Figure 13. Radial void fraction profile from Shen

et al.*® for vertical air/water flow in a 200-

mm diameter pipe.

Ugs = 0.372m/s and U g = 0.072 m/s.
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absolute values. In the case of the present data the predicted

absolute values are approximately correct. However, there is
significant difference in the gradients with the experiment
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Figure 16. Comparing experimental flow pattern transitions with the Hewitt and Roberts** map at: (a) 20 bar; (b) 90 bar.

gradient being noticeably lower than that of the model.
Krishna et al.'® showed that the effect of increased gas den-
sity and that of the presence of additives both give roughly
the same increase in void fraction. However, the higher gas
density data had a higher gradient than did that for additives.
As the present data is for gas density above atmospheric
with a liquid which is a mixture of chemicals, the observed
high void fractions are probably caused by the two effects.
However, the gradient being shallower than that of the model
of Letzel et al.'” (which embodies the gas density effect)
suggests that it might be the presence of a mixture of chemi-
cals which is more important. Naphtha being a mixture of
chemicals, therefore, explains the high void fraction observed
in the present bubble and intermittent flow cases which are
in sharp contrast to the much lower values observed in Fig-

Published methods Experiments  Eubble
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—
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0001
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ure 4 for two-phase flow involving a pure liquid, that is,
water.

Ratios of mean line to mean area void fraction for the data
presented here have been compared with the equivalent in-
formation from the work of Shen et al.** Line and area void
fractions are obtained from SBGD-5 and the FVWM, respec-
tively in the present work. Shen et al.*’ gives the area void
fraction directly. For line void fraction, the equation of the
best fit curve through the local data from different radial
positions is used to determine radial void fraction profile. The
average is taken as the mean line void fraction (Figure 13).
Figure 14 shows that the present line/area void fraction ratios
are similar to Shen et al.*® at a gas velocity of 0.1 m/s, but
diverge at higher gas velocities. This suggests differences in
the void fraction profiles for both datasets.
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Figure 17. Comparing experimental flow pattern transitions with published methods at: (a) 20 bar; (b) 90 bar.
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Flow Pattern Transitions

Figure 15 shows the flow pattern transitions for the present
experiments at 20 and 90 bar using time varying, void frac-
tion, and their PDF distributions. The major effect of pres-
sure is the reduced semiannular flow region at 90 bar in
comparison with 20 bar. Interestingly, the deviation of the
structure velocity from the correlation of Nicklin et al.?¢
agrees well with the transition from semiannular to annular
flow. This follows on from Omebere-Iyari and Azzopardi®’
who successfully used the changes in structure velocity to
delineate flow pattern transition in a 5-mm pipe. Further-
more, the maximum and minimum values in the ratio of
standard deviation to the mean of pressure gradient versus
gas superficial velocity as shown in Figure 6, coincide with
the onset of intermittent and semiannular flows, respectively.

Two gradations of flow pattern maps of varying complexities
have been compared with the present experiments. The first
level is the map of Hewitt and Robert,** which was derived
using data for air/water at 3 bar and steam/water at 35 and 70
bar. Figure 16 shows that the Hewitt and Roberts map is in poor

10
‘Taitel et al. (1980) o
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0.1¢ .
I experlments

modified
Taitel et al. (1980)

Liquid superficial velocity (m/s)

0.001
0.01 0.1 1 10}

Gas superficial velocity (m/s)

agreement with the present flow pattern transitions at both 20
and 90 bar. This is attributed to its empirical nature.

The second level flow map pattern encompasses the bub-
ble-to-slug, bubble-to-dispersed bubble, and the dispersed
bubble-to-intermittent flow transitions of Taitel et al.,’ the
slug-to-churn transition by Jayanti and Hewitt>? and the an-
nular-to-intermittent flow transition from Barnea.’! This map
is compared with the present experiments in Figure 17. The
agreement with the present experiments is still very poor.
Hence, some of the most commonly used methods from the
literature fail to correctly predict any of the flow pattern tran-
sitions observed in the present experiments. This implies that
the flow pattern models which form the basis of these corre-
lations are not applicable to nitrogen-naphtha flows in large
diameter risers at high pressures.

A modification to the bubble/slug transition of Taitel® is
made by adjusting the critical voidage to 0.68, which is the
maximum value observed for the present bubble flow data
(Figure 18). This agrees well with the transition to intermit-
tent flow based on PDF plots as shown in Figure 19.

Conclusions

From the above, the following conclusions can be drawn:

1. The flow patterns observed in a 189-mm diameter verti-
cal pipe are remarkably different to the established ones
based on experiments in smaller pipes.

2. Slug flow, as defined for vertical two-phase flow sys-
tems to consist of a Taylor bubble occupying the whole pipe
cross section and a liquid slug body, is absent.

3. The experimental drift velocity is lower than that
reported by Shoukri et al.*' (using an air/water mixture in a
similar-sized pipe) and the predictions of Kataoka and Ishii.*
However, examination of data from bubble columns indicates
that the difference might be due to the liquid being a mixture
of chemicals. This influences the bubble sizes and hence the
void fraction.

4. A test of some of the published methods for flow pat-
tern transitions available in the literature gives poor results
for high pressure naphtha/nitrogen flow in a large diameter
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Figure 19. Comparing the bubble/slug transition of Taitel et al.’ with the present experiments at: (a) 20 bar; (b) 90 bar.
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pipe. However, a modification to the bubble/slug transition
of Taitel et al.” gives good agreement.

5. Maxima and minima in the ratio of standard deviation
of pressure gradient to the mean values of that parameter and
in structure velocity provide a novel method for delineating
flow pattern transitions.
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