Study of Two-Phase Flow by Laser Image

Processing

A new, unobtrusive method for liquid-liquid two-phase flow data col-
lection was proved to be reliable in this research. Drop size distribu-
tions and concentration profiles were determined for a dilute water-in-
kerosene system under horizontal straight pipe flow using this tech-
nique, and the Segev model for predicting concentration profiles was
tested with the data collected here.

The drop size distributions were found to follow a Rosin-Rammler
function for a limited droplet diameter range, and the average value of
the exponent in the Rosin-Rammler equation was determined to be 2.0.
The velocity where the flow regime makes a transition from stratified to
adequately dispersed flow was found to be between 2.0 and 2.2 m/s.
Concentration profiles predicted by the Segev mode! were in general
agreement with the profiles determined in this work, and using the
proper choice of model parameters noticeably improves the model pre-
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dictions.

Introduction

The overall goal of this research program is to increase under-
standing of the relative importance of parameters affecting tur-
bulent mixing in two-phase pipeline flow. The subsidiary goals
of this project are:

1. To prove the reliability of a new, unobtrusive method for
turbulent two-phase flow data acquisition;

2. To use this new method to collect data on liquid-liquid
two-phase pipeline flow;

3. To validate a theoretical model for such systems
This new method of data acquisition has direct and immediate
relevance to a significant problem in the petroleum industry
today: the sampling and analysis of the water content in crude
oils.

The calculated volumes upon which oil is purchased and sold
are often based on the assumption that small samples are repre-
sentative of the bulk volume; however, obtaining representative
petroleum samples is one of the most difficult tasks of the petro-
leum industry. The assumption of a representative sample
depends on knowledge of whether water is dispersed in the
hydrocarbon at any given velocity and in any given piping con-
figuration. Unfortunately, the conditions required for adequate
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dispersion at a sampling site have never been conclusively estab-
lished. A 0.2% underestimate of water can mean tens of thou-
sands of dollars in overpayments for a typical marine vessel
(Hanzevack et al., 1980; Berto, 1982).

The sediment and water found in crude oils tend to settle in
stationary tanks because of their greater densities. This density
difference also causes water in hydrocarbons to preferentially
flow near the bottom of pipes at low velocities. As the velocity is
increased, turbulent mixing breaks the water into small droplets
that then disperse to different elevations in the pipe. At suffi-
ciently high velocities, the water concentration at any elevation
in the pipe is essentially constant, and the flow regime is consid-
ered to be adequately dispersed. These water concentration pro-
files are the primary results of interest in this research. The spe-
cific objective of this project is to determine the effect on the
water concentration profile caused by the upstream mixing in
straight pipe flow as a function of velocity, and to establish the
range of velocities where stratified flow makes a transition into
adequately dispersed flow.

In meeting this objective, a pulsed laser was used to effec-
tively freeze droplet visual motion as a computer-driven camera
captured images containing the droplet information (Hanze-
vack, 1986). From these data, concentration profiles and drop
size distributions were determined and were used in establishing
the transition velocity. A relatively new model that predicts con-
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Figure 1. Fluid flow apparatus.

centration profiles was tested for the system used in this
research, and then model parameters were adjusted using values
experimentally determined in this work.

Experimental Method

A fluid flow rig designed for this research is capable of simu-
lating various field conditions (Powers, 1986). Figure 1 shows a
diagram of this flow system. Two 3,785 L carbon steel tanks are
used to feed and receive bulk kerosene flow. Kerosene was
chosen as the continuous phase primarily because of its trans-
parency. These tanks allow for several minutes of flow at the
relatively high velocities used in this research. Kerosene is
pumped through a 7.62 cm ID PVC pipeline with flows upto 2.4
m/s.

An optically flat acrylic viewing cell is included in the pipeline
for easy data acquisition. Acrylic was chosen for the viewing cell
because its refractive index is close to that of kerosene. Water is
injected into the center of the pipeline in the direction of kero-
sene flow through a 6.35 mm opening after the mainline pump
and 80 pipe diameters upstream of the viewing cell.

Figure 2 shows the arrangement of the optics and camera
used to capture data in this research. Light from a pulsed dye
laser is spread by a cylinder lens and is then directed by mirrors
through the viewing cell. Five horizontal planes in the pipe are
studied.
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Figure 2. Laser/camera synchronization.
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Figure 3. Original and binary images.

The camera is positioned orthogonal to both the hydrocarbon
flow and the laser beam. The camera and laser are both con-
trolled by an image-processing computer. Software instructs the
laser to trigger at the moment the camera begins to produce a
frame. This frame recording the illuminated droplets is stored
and then analyzed with available software. Figure 3 shows a typ-
ical original picture and the result of processing by thresholding
software.

Droplet volumes are added and the total concentration for the
image is determined. All drops with comparable diameters are
grouped together for drop size distribution summaries. Concen-

T
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Figure 4. Typical binary image series at 0.9 and 2.2 m/s.
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Figure 5. Drop size distribution for 2.0 m/s.

tration profile curves are generated for each velocity studied,
and a mass balance is performed to try to account for all of the
water introduced into the system. To illustrate this procedure,
Figure 4 shows two series of typical concentration profile images
across a pipe diameter, at low and high velocity.

Results

Concentration profiles resulting from straight pipe mixing
were initially studied for two reasons. First, the reliability of the
new, unobtrusive method using computer-based digital image
processing had to be proved. Proof of reliability includes gener-
ating reasonable profiles while accounting for all water injected
into the system. Second, there are still insufficient data on
straight pipe flow to adequately define the conditions required to
insure dispersed flow.

Experimental evidence shows that the bulk velocity has the
greatest effect on concentration profiles and drop size in pipe
flow. It is understood that other system parameters affect water
dispersion to varying degrees, but because of the large influence
of velocity, this research initially concentrated on dispersion as a
function of velocity only, holding all other parameters constant.
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Figure 6. Drop size distribution for 2.2, 2.0, 1.3, and 0.9
m/s as a Rosin-Rammler function.
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Table 1. Maximum Drop Sizes
Velocity dys Exp. dpex (n—n)/n
m/s n mm mm %
2.2 1.77 2.59 2.77 10.8
2.0 2.10 2.68 2.70 5.6
1.3 1.94 298 2.83 23
0.9 2.13 3.86 3.15 7.3

Drop size results

Drop size distribution summaries were produced from the
data collected at velocities of 0.9, 1.3, 2.0, and 2.2 m/s. Figure 5
shows a typical drop size distribution as drop size vs. occupied
percent of total volume. Based on these data, Figure 6, plotted in
logarithmic coordinates, shows linearity using a Rosin-
Rammler type function. In the Rosin-Rammler equation,

V =exp (—(d/d,)")

where V is the cumulative volume fraction of particles with
diameter greater than d. The exponent n can be calculated from
the slope of the lines in Figure 6. The parameter d, is an arbi-
trarily chosen normalizing droplet diameter. This equation pro-
vides a very satisfactory representation of the data collected in
the range of ¥ = 0.05 t0 0.95. Some interesting observations can
be made, based on the results shown in Table 1. The diameter
dgs is in good agreement with the experimentally determined
diameter d,,,,. Furthermore, the values of dy; and d,,,, decrease
with increasing velocity, as would be expected. The slope n is
fairly constant and the average equals 2.0 with error term less
than 0.1

Concentration results

Figure 7 shows the profiles generated in this research for
water in kerosene at velocities of 0.9, 1.3, 2.0, and 2.2 m/s. Rela-
tive concentration or water fraction is defined as the experimen-
tally determined water concentration divided by the original
water concentration injected. The flow regime is obviously strat-
ified at the lower velocities of 0.9 and 1.3 m/s, while the profiles
flatten at the higher velocities. These curves are in general
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Figure 7. Experimentally determined water concentra-
tion profiles.
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Table 2. Mass Balances
Water
Velocity Observed /Injected
m/s vol. %
0.9 0.90
1.3 1.18
20 1.05
2.2 1.02

agreement with the predictions generated by the model of Segev
(1984). More in-depth comparisons will be made to this model
in the Analysis section.

A mass balance across the pipe area was performed at each
velocity, and the results are given in Table 2. Excellent results
are obtained for the 2.0 and 2.2 m/s velocities. The water mass
balances at the lower velocities do not completely account for
the original quantity of water injected, presumably because of
the limited number of data taken at these velocities, resulting in
a relatively less accurate curve fit.

Many images at any one position at a given velocity are
required to yield a true average fraction in this work. The sys-
tem’s turbulence causes the water concentrations to fluctuate
widely for different images under the same experimental condi-
tions. Because determination of the transition velocity was the
main objective of this stage of our research, few data were cap-
tured at 0.9 and 1.3 m/s. The flow was obviously in the stratified
regime at these velocities, so efforts were better spent studying
the higher velocities. The data captured at 2.0 and 2.2 m/s are
more complete than at the lower velocities, but even more data
at these higher velocities would further smooth the results.

Analysis

The velocity at which stratified flow makes a transition to
adequately dispersed flow in this system is about 2.1 m/s. A
more accurate transition velocity could have been isolated if
more data were collected, but this was not justified. There is a
greater need for the study of other, more interesting piping con-
figurations, and the transition velocity for adequately dispersed
flow is already sufficiently bracketed for practical purposes.

Several statistical tests (Miller and Freund, 1977) have been
performed to support the assertion that the transition velocity
lies between 2.0 and 2.2 m/s. The tests support the belief that
the tramsition velocity is in this range. No test performed
rejected hypotheses stating that 2.2 m/s is sufficient velocity to
produce adequately dispersed flow.

To be flowing in the adequately dispersed regime, the water
fraction should not deviate below 0.95 at the top of the pipe or
above 1.05 at the bottom of the pipe, corresponding approxi-
mately to an “A’ rated sampling location in API/ASTM stan-
dards (ASTM Standard D4177, 1982). The difference between
the fraction at the top of the pipe and that at the bottom of the
pipe should not be greater than 0.1. Testing the hypothesis that
the difference in the water fractions between the top and the
bottom of the pipe is no greater than 0.1, we find that at 2.0 m/s
we can reject this hypothesis for the alternative hypothesis that
the difference is greater than 0.1. We cannot reject this hypothe-
sis for data at 2.2 m/s. Testing a second hypothesis, that at the
top of the pipe at 2.0 m/s the water fraction is 0.95, we find that
we can reject this hypothesis for the alternative hypothesis that
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Figure 8. Comparison between Segev model and experi-

mental data for 2.0 m/s.
a. Using Segev parameters, £ = 0.255; n ~ 1.5
b. Using new parameters, £ = 1.00; 1 = 2.0

the water fraction is less than 0.95. We cannot reject this
hypothesis at 2.2 m/s.

A second set of tests, using the Kruskal-Wallis H-test meth-
od, was performed based on the assumption that all images
taken at each position come from the same population, meaning
that any analyzed image from a position at the top of the pipe
could have just as readily come from a position at the bottom of
the pipe. Flows that are adequately dispersed should have this
property. This hypothesis can be rejected at 2.0 m/s but not at
2.2mfs.

These sets of tests cannot prove that the transition velocity is
at least 2.2 m/s, but they do indicate that 2.0 m/s is too low for
the transition velocity and that 2.2 m/s cannot be rejected as the
transition velocity. These tests, as well as the concentration pro-
file’s general appearance, support our belief that the transition
velocity lies between 2.0 and 2.2 m/s, where 2.1 m/s is a good
approximation to the actual velocity.

Figure 8 shows typical data collected in this research, at 2.0
m/s along with the Segev (1984) predictions for this system
using his parameter values. Figure 8 also shows predictions for
this system using parameters determined in this work concern-
ing the drop size distributions and the eddy diffusivities, where
the Rosin-Rammler exponent n is taken to be 2.0. Figure 7
shows the data for all four velocities, and Segev model predic-
tions, using our new parameters. It is clear that the Segev model”
can predict the correct profile if the paper values of the parame-
ters are used. Future work will attempt to better understand and
quantify these parameters.

Conclusions

A new, unobtrusive method for two-phase flow data collection
was proven reliable in this research to date. This method can
easily be applied to other two-phase flow problems and is recom-
mended because of its objective, rapid, robust, and unobtrusive
qualities in data collection and analysis.

On the other hand, the effectiveness of the software depends
on the threshold selection. Too high a threshold results in lower
predicted concentrations and somewhat different drop size dis-

AIChE Journal



tributions. Too low a threshold causes higher predicted concen-
trations and more noise in the binary image. Although good
results have been obtained using the present method of threshold
selection, a more reliable and general automatic threshold selec-
tion method is being developed. It will lead to improved model-
ing capabilities and better parameter estimation.

Drop size distributions for each of the four velocities studied
exhibit Rosin-Rammler type distributions over most of the drop
diameter range. This has been found to be the case in many
other drop size studies as well. The slopes of the curves gener-
ated by the Rosin-Rammler type plots do not appear to be
affected by velocity.

The transition velocity between stratified and dispersed flow
for straight horizontal pipe has been estimated at 2.1 m/s. The
Segev model does predict our experimentally determined con-
centration profiles if proper parameter values are chosen.
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Notation

a = coefficient in least-squares curve
b = coefficient in least-squares curve
d = droplet diameter
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d, = arbitrary droplet diameter in Rosin-Rammler function
n = exponent in Rosin-Rammler function
V = cumulative volume fraction of particles with diameter greater than
d
x = relative pipe diameter at horizontal plane of interest
y = relative concentration
£ = dimensionless eddy diffusivity

Literature Cited

ASTM Standard D4177, “Method for Automatic Sampling of Petro-
leum and Petroleum Products™ (1982).

Berto, F. J., “Control Program Halves Crude Losses,” Oil Gas J., 173
(Dec. 27, 1982).

Hanzevack, E. L., “Concentration by Laser Image Processing,” Chem.
Eng. Prog., 47 (Jan., 1986).

Hanzevack, E. L., J. L. Martin, and J. B. Milliken, “Four Steps Are
Required for Accurate S& W Measurement,” Oil Gas J., 74 (July 21,
1980).

Miller, 1., and J. E. Freund, Probability and Statistics For Engineers,
Prentice-Hall, Englewood Cliffs, NJ (1977).

Powers, T. F., Jr., “Design, Construction, and Testing of a Fluid Flow
Apparatus for Determining Local Concentrations in a Liquid-Liquid
Two-Phase System During Turbulent Pipeline Flow Using Com-
puter-Based Digital Image Processing,” M.S. Thesis, Univ. of South
Carolina (1986).

Segev, A., “Mechanistic Model for Estimating Water Dispersion in
Crude Oil Flow,” 1984 AIChE Ann. Meet., San Francisco (Nov.,
1984).

Manuscript received Feb. 10, 1987, and revision received May 20, 1987.

December 1987 Vol. 33, No. 12 2007



