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Summary of Technical Progress 

A number of activities have been carried out in the last three months. A list outlining these efforts 
is presented below. 

0 Work on developing a threedimensional Voronoi grid simulator is progressing. Extensive 
testing of the grid generation and visualization modules of the simulator is continuing while 
modifications and improvements are Wig made to these capabilities. 

The recently developed semi-analytical method for calculating critical cresting rates is being 
extended for the case of simultaneous gas and water coning toward a horizontal well. 

The accuracy of available correlations and analytical models for breakthrough times of 
horizontal wells is being investigated through simulations of a field case. 

Work on developing methods for coupling between reservoir and the wellbore through a 
network modeling approach is progressing. The current stage of the study involves 
evaluation of available analytical methods. 

The necessary modifications have been made to the rig at the Marathon facility and the high 
rate two-phase flow experiments are about to commence. 

New correlations for wall friction and interfacial friction factors have been developed for the 
strawled flow in horizontal and inclined pipes. After further testing this new approach will be 
used in our mechanistic model. 

This quarterly report has been entirely devoted to the task listed in the last item above and we only 
present an abridged version of the Masters report of Mr. Liang-Biao Ouyang on which it is based. 
The complete study will be included in the next Annual Report of the Project. 

Stratified Flow Model and Interfacial Friction Factor Correlations (Task 3) 

Introduction 
Gas-liquid flow in pipes is of practical importance in petroleum, chemical, nuclear and 

geothermal industries. Theoretical and experimental prediction of key factors, such as pressure 
drop, liquid holdup (or liquid volume fraction in the system), interfacial area, heat and mass 
transfer, is essential for proper design and operation of pipe systems. 

Interfacial friction shear is an intrinsic characteristic of gas-liquid two-phase flow and it 
has a profound influence on the properties and the nature of the flow process. The relationship for 
the interfacial friction shear is an indispensable condition to complete any mechanistic model for 
gas-liquid flow in pipes. Notwithstanding many different correlations reported in the literature for 
calculating the interfacial friction factor (Le., the dimensionless friction shear), this remains 
largely an unresolved area. Most, if not all, available correlations are deduced fiom specific range 
of experimental conditions, such as gas Reynolds number, liquid Reynolds number, pipe diameter, 
liquid holdup, inclination angle and flow patterns. Such correlations may only apply to a 
particular range of flow conditions. Significant errors may result when these correlations are used 
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under flow conditions that are different from those used to develop them. Furthermore, existing 
mechanistic mcdels typically exhibit discontinuities in pressure gradient and liquid holdup 
predictions across flow pattern boundaries. Those discontinuities may cause serious problems in 
full field simulations. One of the main reasons for the discontinuities is the inclusion of 
inappropriate interfacial friction factor correlation. 

The main purpose for this study is to evaluate the existing interfacial friction factor 
correlations based on experimental observations. While, direct and accurate measurements of the 
wall friction and interfacial friction shears are the first choice for this evaluation, few 
experiments belonging to this category have been reported in the literature. Though we can also 
determine both the wall friction and interfacial friction shears by using any existing stratified flow 
model and thus evaluate different correlations, as we will find later in this report, the most widely- 
used stratified model is inconsistent with experimental observations. 

Stratified Flow Model 
StraMied flow in pipes refers to the flow pattern where the gas phase flows at the top of 

the pipe, while the liquid phase flows at the bottom (Fig. 1). It is divided further into s t rased  
smooth flow and stratified wavy flow, depending on the shape of the interface. 

The momentum balance equations for stratified flow in pipes can be derived for both gas 
and liquid parts (Govier & Aziz, 1972; Taitel & Dukler, 1976) 

The friction shears are expressed in the form of the Fanning friction factor 
f W L  P L  vi 

2gc 
T W L  = 

(34 f i PG ( V G  - VL) IVG - V L l  
Ti = 

2gc 
The Fanning friction factors for the gas and liquid phases are usually evaluated from 

single phase equation, such as the Colebrook-White (1939), or the Blasius equation, based on the 
Reynolds number defined as a function of local velocities and hydraulic diameters (this method is 
termed as standard method in this report). The interfacial friction factor is obtained from 
empirical correlations. While there are relatively few methods available to calculate wall friction 
factors, dozens of correlations have been proposed for the determination of interfacial friction 
factor. However, predictions vary' significantly among the correlations (Ouyang, 1995) and it is 
diffkult to know which correlation to use for a particular case. 

Consistency Check and Model Evaluation 
Due to the presence of measurement errors, it is not easy to obtain experimental data 

which are completely consistent. Hence we should look into the degree of consistency in 
experimental data. Tables la and l b  show the comparison of the interfacial friction shears 
obtained from the two momentum balance equations (Eqs. 1 & 2) for all available data sets. The 
average absolute error (ME) is used in assessing the order of magnitude of the difference, the 
average absolute relative error (AARE) is taken as the accuracy criterion which best expresses the 
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average difference, while the standard deviation (SDE and SRDE) measures the scattering of 
results around the average value. 

The high errors appearing in the consistency check for both stratified smooth and 
stratified wavy flows for most data sets (Tables la and lb) suggest the need for further 
investigation. Two possibilities exist which may cause high error in the consistency check. One is 
measurement errors in the experimental data. The other is that the stratifled flow model described 
above is inappropriate. 

To check the influence of measurement error on the consistency study, errors are 
introduced artificially in the measured liquid holdup data and the measured pressure gradient data 
of data sets SU-101 and SU-205 for stratified smooth flow and of data sets SU-96 and SU-200 
for stratified wavy flow. Six types of artificial errors are used, i.e., + 10% changes in measured 
liquid holdup data, + 5 %  and 4O.OOO1 psi/ft changes in measured pressure gradient data. It is 
found that AAEs, AAREs and SDEs do not change significantly for data sets considered. 

Therefore, it can be concluded that the influence of measurement errors in experimental 
data cannot be the main reasoi for the high error in consistency checks. In other words, the model 
used for the consistency check, though the most widely-used model for describing gas-liquid flow 
in pipes, may be inappropriate. 

Recall the stratified flow model discussed above. The only parts in this model which may 
cause problems in the consistency check are the determination of the wall friction shears which are 
obtained through the calculation of the wall friction factors. The Colebrook-White (1939) 
equation or the Blasius-type equations are usually applied to calculate the wall friction factors for 
both gas and liquid phases in turbulent flow. As we know, the Colebrook-White equation and the 
Blasius-type equation were proposed to calculate the friction factor in single-phase flow and 
whether they can be used for two-phase or three-phase flow is unclear. Several researchers, such 
as Kowalski (1984), Kowalski (1987), Andritsos & Hanratty (1987), and Andreussi & Persen 
(1987), stated that the determination of the wall friction shear for gas phase @e., the wall friction 
factor calculation) is more reliable than the wall friction shear for the liquid phase. Direct 
measurements of the wall friction shears also verified this observation (Govier et al., 1957, Govier 
& Omer, 1962, Kowalski, 1984). So, on the assumption that most of the experimental data 
available are consistent, the liquid phase wall friction factor can be calculated from the pressure 
equation (Ouyang, 1995) such that the predicted liquid holdup and the predicted pressure 
gradients match the experimental results. The wall friction factor for the liquid phase obtained in 
this way is termed experimental f w L  . 

Fig. 2 compares the experimental wall friction factors with the predicted values 
determined from the standard method. It can be easily seen that the standard method 
underestimates the wall friction factor for the liquid phase for both stratified smooth and stratSed 
wavy flows. This is expected considering the fact that the Colebrook-White (1939) equation and 
the Blasius equation (or other equivalent forms) were proposed for single phase flow in pipes. A 
different mechanism dominates the fluid flow characteristics for multiphase flow in pipes. Hence 
the use of standard method to describe the wall friction is inappropriate and will lead to errors. 
Govier et al. (1957) and Govier & Omer (1962) determined the liquid phase wall friction factor 
from the measured pressure drop and liquid holdup data and found that, depending upon the 
relative volume of gas and liquid present, the liquid phase wall friction factor was 2.0 to 2,000 
times larger than the value obtained from the single phase relationship. Unfortunately, enough 
attention has not been paid to their observations. 
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Comparison with Experimental Data 
In this study, 18 different interfacial friction factor correlations, including all the widely- 

used correlations reported in the literature, have been incorporated in the stratified flow model to 
predict the liquid holdup and the pressure gradient. The predictions have been done separately for 
stratified smooth flow and stratifkd wavy flow data. 

For stratified smooth flow, Table 2a shows that the modified Andreussi & Persen (1987) 
corelation gives the best prediction for liquid holdup, since the AARE (57.22%) is lower than 
those from other correlations and the AAE (0.065) only second to the lowest value (0.0632 for the 
Cheremisinoff & Davis correlation). The Hanratty & Andritsos (1984) and the Andritsos & 
Hanratty (1987) correlations rank as second and third best in the list. These three correlations are 
also the best ones for the prediction of pressure gradient. Their AAEs are 0.0038, 0.0035 and 
0.0036 psi& respectively, which are much smaller than the corresponding results from other 
correlations. Unfortunately, even for these three correlations, the deviations of predicted liquid 
holdup and the pressure gradient from experiments are still quite large. The primary reason for 
this is that the predicted interfacial friction factors are different from those required for the correct 
prediction of experimental data. Fig. 3 displays an example of the deviations for the Andritsos & 
Hanratty ( I  987) correlation. It is instructive to note that the f = f wG correlation, even though it 
is commonly used by researchers for stratified smooth flow, doesn’t predict pressure gradients and 
liquid holdups close enough to the measured values. 

For stratified wavy flow, most correlations overestimate both the liquid holdup and the 
pressure gradient (Table 2b). Among the correlations considered, the modified Andreussi & 
Persen (1987) correlation predicts the closest liquid holdup to the measurements (ME equals to 
0.0607). The Andritsos & Hanratty (1987) correlation as well as the Cheremisinoff & Davis 
(1979) correlation also give good predictions of liquid holdup. But, for pressure gradient 
prediction, the modified Andreussi & Persen (1987) correlation does not predict good results, 
whereas the Andritsos & Hanratty (1 987), Hanratty & Andritsos (1984) correlations provide best 
predicted pressure gradient results. The Baker et al. (1988) correlation yields fairly good results 
for pressure gradients. Comparisons of the predicted interfacial friction factor and the 
corresponding values obtained from experimental parameters are also shown in Fig. 3. 

Hence, it can be concluded that none of the existing interfacial friction factor correlations 
can predict satisfactory results for the liquid holdup and the pressure gradient. 

Development of New Correlations 
From the experimental data available from the Stanford Multiphase Flow Database 

(SMFD), the experimental wall friction factor data for liquid phase have been computed and 
applied to develop a new correlation by means of regression. The regression was primarily done 
based on the dimensionless groups which affect gas-liquid two-phase flow in pipes. Two 
regression schemes were used for our investigation, one is the pseudo-linear regression (nonlinear 
regression which can be transformed into a linear one, it is also called general multiple linear 
regression), the other is the Polytope method (Gill et al., 1981). 

Different forms of correlations which combine different dimensionless variables have 
been tested to get the best fit of experimental liquid phase wall friction factor. Regression leads to 
the following new correlation 

where R, is the gas-liquid volume ratio. 
Fig. 4 shows the comparison between the experimental and predicted liquid phase wall 

friction factor by new correlation (Eq. 4). The figure indicates that the new correlation gives much 
closer results for the liquid phase wall friction factor to the experimental values than the standard 

f wL = 1.4291 &? (4) 



method pig.  2), but it still predicts unsatisfactory friction factor for some of the data points. The 
number of data points falling into this category is small considering the fact that about 800 data 
points are shown in Fig. 4. 

As shown by Fig. 3, the predicted interfacial friction factors are substantially different 
from experimental values even for the best available correlations, such as the Andritsos & 
Hanratty (1987), the modified Andreussi & Persen (1987). Furthermore, discontinuities in liquid 
holdup and pressure gradient often occur at the transition of different flow patterns when applying 
available interfacial friction factor correlations in the mechanistic models (Aziz & Petalas, 1994). 
Such discontinuities can cause problems for full field flow simulations. Hence, it is necessary to 
develop a new correlaton for interfacial friction factor which can hopefully predict satisfactory 
results for liquid holdup and pressure gradient, and provide smooth flow pattern transitions. The 
same regression approach, as used for the liquid phase wall friction factor case, was also applied 
here. 

The choice of the functional form of the regression correlation is related to the selection of 
the independent variables or dimensionless groups. Sometimes, relevant theory may indicate the 
appropriate functional form. However, the functional form of the regression correlation for 
interfacial friction factor is not known in advance and must be decided upon once the data have 
been collected and analyzed. The functional form is determined by means of analyzing the existing 
correlations and considering the coefficient of multiple determination, the error mean square 
(MSE), and other statistical parameters for the trial correlation. 

Following this procedure, a new correlation for the interfacial friction factor has been 
developed 

where is the liquid holdup, 8 the pipe inclination angle, f wL the wall friction factor for liquid 
phase, NVL the liquid velocity number, No the pipe diameter.number, NllG the gas viscosity 
number, and H the holdup ratio. 

It should be noted that there exist same problems with both the new liquid phase wall 
friction factor correlation and the interfacial friction factor correlation as for any regression 
models in that they are dependent upon the data available. When more data over a wider range of 
fluid properties, pipe sizes and inclination angles are considered, the results may change. 

Test of New Correlations 
No matter how strong the statistical relations, no cause-and-effect pattern is necessarily 

implied by a regression model. Even if the new correlations are developed on the basis of some 
underlying mechanisms, the new correlations still need to be examined with experimental data. 

As expected, the new correlations can predict more satisfactory liquid holdup and 
pressure gradient for the experimental data used for developing the correlations than other 
correlations. Figs. 5a and 5b show the predicted liquid holdup and pressure gradient for stratified 
smooth and stratifed wavy flow against experimental data. Notwithstanding the fact that large 
deviations from experimental values still exist for some data.points, the number of data .points 
falling into this category is small compared to the amount of data considered. But we should note 
that for some special data sets, predictions by the new correlations are still unsatisfactory. 

A good test of the new correlations is to apply them to predict either liquid holdup or 
pressure gradient and compare with reliable measurements not used in developing the correlations. 
Minami & Brill (1987) experiment, in which only the liquid holdup data were measured, is 
selected for the test. This experiment consists of two types of fluid combinations. One is an air- 



water system where 54 measurements are provided and the other is an air-kerosene system where 
57 measurements are reported. 

Fig. 6 shows the comparison between measured and predicted liquid holdup by the new 
correlations for the liquid phase wall friction factor and for the interfacial friction factor. It is 
found that the new correlations provide satisfactory predictions of liquid holdup for the air- 
kerosene case but underpredict the liquid holdup for the air-water case. 

Conclusions 
Different interfacial friction factor correlations have been used to predict the liquid 

holdup and pressure gradient and compare them with experimental observations. The comparison 
results show that: (a) most existing correlations can lead to large deviations from measurements; 
(b) among available correlations, the Andritsos & Hanratty (1987) correlation, the modified 
Andreussi & Persen (1987) correlation, as well as the Hanratty & Andritsos (1984) correlation, 
are the best choices to determine the interfacial friction factor for stratified flow. 

Consistency checks of experimental data indicate that the widely-used straWied flow 
model is inconsistent with experimental observations. It must be noted that this conclusion is 
independent of the interfacial friction factor correlation. On the basis of reported experiments with 
direct measurements of wall friction shear stress, we conclude that the liquid phase wall friction 
shear calculation should be reconsidered. The standard method (i.e., the single phase method) is 
found to underestimate the liquid phase wall friction factor. 

New correlations for both the interfacial friction factor and the liquid phase wall friction 
factor have been developed based on experimental observations. Satisfactory coincidence is 
observed when new correlations are applied to predict the liquid holdup for the &ami & Brill 
(1987) experiments. 
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Table l a  Consistency Check of the Available Experimental Data (Stratified Smooth Flow) 

-7- 



Table 2a Comparison between the Measured and Predicted Liquid Holdup and Pressure Gradient (Stratified 
Smooth Flow) 
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Table 2b Comparison between the Measured and Predicted Liquid Holdup and Pressure Gradient (Stratified Wavy 
Flow) 
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Figure 1 Schematic of Stratified Flow in Pipes 
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(a) Normal Scale (b) Logarithmic Scale 
Figure 2 Comparison between the Experimental Liquid Phase Wall Friction Factor and the Predicted Value from 

Standard Method 
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Figure 3 Comparison between Predictions and Experiments of the Interfacial Friction Factors for 
Andritsos & Hanratty (1987) Correlation 
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Figure 4 Comparison between the Experimental Liquid Phase Wall Friction Factor with the Predicted Value from 

New Correlation 
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Figure Sa Liquid Holdup and Pressure Gradient Predicted from New Correlations 
(Stratified Smooth Flow) 
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Figure 5b Liquid Holdup and Pressure Gradient Predicted from New Correlations 

(Stratified Wavy Flow) 
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Figure 6 Comaprison between Measured and Predicted Liquid Holdup 

by New Correlations 
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