
Correlation and Prediction of Gas-Liquid 
Holdups in Inclined Upflows 

A correlation is developed for predicting in-situ (or true) liquid holdups 
for two-phase, gas-liquid slug flows in inclined pipes. The correlation is 
based on experimental data collected in pipes ranging from 2.54 to 7.94 
cm in diameter with the air-water system used. 

The experimental data used to develop the correlation were collected 
at zero input liquid qualities, as previously discussed by Greskovich (1973), 
and extended over the entire range. These data revealed little diameter 
effect on holdup for diameters greater than 2.54 cm but a marked effect 
of angle of inclination. Predicted holdup values show good agreement with 
experimental data. 
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SCOPE 
The prediction of liquid holdup for two-phase, gas- 

liquid slug flows in pipelines is a must for design engineers. 
Correlations, for example, based on the early work of 
Lockhart and Martinelli (1949) for horizontal flows have 
been extended to inclined flows, and predictions by 
Flannigan (1958) for the contribution of hills to overall 
line pressure drops have markedly added to the technology, 
but both leave a lot to be desired. 

The objective of the research reported here was to 
develop a holdup correlation for inclined two-phase flows 

using only operating parameters known a priori to the 
design engineer. The correlation was to be tested 
with data collected in pipes up to a diameter of 7.94 cm 
with the air-water system used. Rather than collect holdup 
data over the entire range of input liquid qualities, experi- 
mental data at zero input liquid qualities were obtained 
and extrapolated by using a new technique (Greskovich, 
1973) based on the correlation of Guzhov et al. (1967). 
Once verified, the model and resulting correlation can 
be used for scale-up purposes. 

CONCLUSIONS A N D  SIGNIFICANCE 
It has been shown that in-situ, or true, liquid holdups 

for inclined two-phase slug flows can be easily obtained 
over the range by experimentally measuring such hold- 
ups at zero input liquid qualities and then extrapolating 
the data based on Greskovich (1973). Experimental holdup 
data from a 7.94 cm diameter pipe were compared with 
data from smaller diameter pipes, and, based on the 
correlation of true liquid holdup against input liquid 
quality, by using mixture Froude number and angle of 
inclination as parameters, there appeared to be little 

direct effect of pipe diameter for pipes greater than 2.54 
cm other than that taken into account by the mixture 
Froude number. 

A model for predicting liquid holdup in inclined flows 
was developed, based on Bonnecaze et al. (1971), and 
agreed very well with the experimental data and extrapo- 
lations presented. The correlation can be easily used since 
only a knowledge of operating parameters is necessary 
to obtain predicted values of in-situ liquid holdup. 

It is necessary to accurately predict in situ (or true) liq- 
uid holdup during two-phase, gas-liquid flows in long dis- 
tance pipelines for design purposes. Since a major portion 
of the overall line pressure drop is due to ascending por- 
tions of the pipelines, the accurate prediction of inclined 
true liquid holdups is extremely important for design and 
subsequent line operation. In view of the total number of 
miles of such pipes already built, and those in the planning 
stages, the prediction of inclined holdups becomes, in most 
probability, the single most important task for the design 
engineer. 

At present, there are few articles in the literature which 
consider flows; however, their apparent importance is gain- 
ing more and more attention. Early work by Flannigan 
(1958) demonstrated the contribution of the hills to the 
overall line pressure drop. Subsequent works by a number 
of investigators, as summarized by Gouse (1963, 1964, 
1966) have discussed the importance of uphill flows but 
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rarely presented any design data or correlations useful for 
scale-up. A number of works have appeared in the Russian 
literature concentrating in the area of two-phase, gas-liquid 
pipeline analysis. Articles have appeared by Mamaev 
( 1965), Gallyamov and Goldzberg ( 1967, 1968), ISUPOV 
and llamaev ( 1968), and Guzhov et al. (1967), represent- 
ing a sizable research effort in this area. Similarly, a num- 
ber of American works, such as those by Bonnecaze et al. 
( 1969, 1971), Greskovich (1972), Bonderson ( 1969), and 
many contributions by Griffith et a]. (1971, 1973), have 
also considered the subject of inclined two-phase flows. 

A particular method for correlating actual liquid holdup 
with flowing liquid quality has been discussed by most of 
the above Russian investigators and expanded upon by 
Greskovich et al. ( 1969), Greskovich and Shrier ( 1971), 
and Greskovich (1972). The correlation utilizes only mix- 
ture Froude number as a parameter and has been shown 
by Greskovich and Shrier (1971) to be quite accurate for 
horizontal flows, The only reported use of such a correla- 
tion for inclined flows is made by Guzhov et a]. (1967) 
for a pipe inclined 9 deg. from the horizontal. 
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INPUT LIQUID CONTENT, A 
Fig. 1. Dependence of true liquid content on input liquid quality 

and mixture Froude number a t  9 deg. 

More recently, Greskovich (1973) developed a new 
technique for obtaining true liquid holdups for inclined 
(positive inclinations) two-phase flows. The technique con- 
sisted of measuring liquid holdups at zero liquid flow rates, 
corresponding to bubbling gas upward through a quiescent 
liquid. By recognizing that straight lines correlated the 
holdup data based on Guzhov et al. (1967), once the in- 
tercept was determined experimentally it was easy to ex- 
tend the lines to predict true liquid holdups over the entire 
range of input liquid qualities. This technique was further 
discussed by Gregory (1974), and it was found that the 
liquid holdup predictions with the Guzhov et al. (1967) 
correlation used compared well with other data for in situ 
liquid fractions greater than 0.25. For values less than 
0.25, the Lockhart-Martinelli ( 1949) correlation was rec- 
ommended. These recommendations were made in view of 
the lack of additional data, especially for larger diameter 
pipes and other systems. 

DATA FROM LARGER DIAMETER PIPES 

Since it became apparent that Greskovich (1973) was 
recommending a new procedure for obtaining in situ liquid 
holdups and suggesting that the correlation was strongly 
dependent on angle of inclination, it was necessary to fur- 
ther test these assumptions in our laboratories at larger pipe 
diameters. Liquid holdups were obtained in a 7.94 cm 
diameter pipe, approximately 939 cm long, which was in- 
clined from the horizontal in a range from 1 to 10 deg. as 
described by Cooper (1975). It is noted in Figure 1 that 
prior data from Guzhov et al. (1967) with a pipe approxi- 
mately 5.08 cm in diameter and Greskovich (1973) with 
a pipe approximately 2.54 cm in diameter are plotted at 
an inclination of 9 deg. from the horizontal. Data from 
the 7.94 cm pipe are also plotted on Figure 1 and were 
obtained exactly as those described by Greskovich (1973). 
That is, the only experimental datum point is that located 
at the intercept ( k  = 0) , and the lines represent extrapo- 
lations from the experimental values of 7 at X = 0 to the 
point 7) = 1, = 1. Data for mixture Froude numbers be- 
tween 0.1 and 4 are considered, since this represents an 
opthum operating range for commercial pipelines, and 
within this range, slug flow exists. 
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It is surprising to note that within experimental error 
there does not appear to be any additional diameter effect 
on the true liquid holdups predicted by using the correla- 
tion in Figure 1. It could be assumed that the mixture 
Froude number takes this into account; however, when 
data from pipe diameters smaller than 2.54 cm are plotted 
on Figure 1, there is a sizable deviation from the lines 
presented there. In fact, the data used by Gregory (1974) 
included liquid holdup values obtained from pipe diame- 
ters less than 2.54 cm, and, based on these values used 
at low true liquid holdups, a sizable deviation from those 
predicted by Figure 1 resulted. 

It is proposed in the work of Cooper (1975) and here 
that there is indeed a diameter effect on the prediction of 
true liquid holdup by using the correlation presented in 
Figure 1 up to diameters of approximately 2.54 cm. Be- 
yond this diameter, the effect diminishes to zero. The 
data presented by Greskovich ( 1973), Cooper (1975), 
and the data here seem to warrant this hypothesis. Fur- 
thermore, it has been proposed by Gr&ith (1974) that as 
slugs of gas move up through inclined pipes, the diameter 
of the bubble nose, not the pipe diameter, is the correlat- 
ing parameter. When the pipes are small, the pipe diam- 
eter is approximately equal to the bubble diameter; how- 
ever, when the pipe diameter is greater than approximately 
2.54 cm, the slug of gas does not completely bridge the 
pipe diameter. As the pipe diameter increases, the bubble 
diameter at the leading side does not correspondingly in- 
crease. Additional evidence supporting this proposal has 
been obtained by Cooper ( 1975). 

In a 7.94 cm diameter pipe, true liquid holdups were 
measured at angles of inclination of 1, 2, 6, 9, and 10 deg. 
from the horizontal. These data were compared to data 
from Greskovich (1973) for a p p e  diameter of 2.54 cm, 
and the result was very similar to that found on Figure 1. 
Within experimental error of approximately 0.02 in the 
value of the true liquid holdup, data from both studies 
were approximately coincident for each angle of inclina- 
tion; however, there was a noticeable increase in liquid 
holdups as the angles increased. 

A CORRELATION FOR INCLINED FLOWS 

A model for predicting true liquid holdups for two-phase 
inclined flows has been previously described by Bonnecaze 
et al. (1971), recognizmg that for most operating pipe- 
lines the flow regime is slug flow. Based on contiunity, 
it was shown for uphill slug flow that 

Equation (1)  relates the true liquid holdup 7 to the flow- 
ing input liquid quality A, the bubble rise velocity of the 
gas bubble U B R ,  and the no-slip or mixture velocity U N S .  
The bubble rise velocity is defined for vertical flows by 
Taylor (1950) : 

U E R  = cz V@ 
As discussed previously, the diameter in Equation (2) is 
the bubble nose diameter as defined by Taylor and has 
been assumed equal to the pipe diameter (Griffith and 
Wallis, 1961). By combining Equation (2)  with the mix- 
ture Froude number, and by assuming that for inclined 
flows the bubble rise velocity is a direct function of the 
angle of inclination f ( e )  (Runge and Wallis, 1965), it is 
shown that 

(1) 7) = 1 - (1 - h)/(C1 f u B R / u N S )  

(2) 

UBR = C2 (UNs/F~, ’h)  [ f ( e ) ]  
Combining Equations (1) and (3) we get 

( 1  - A )  
c2 f (0) 

‘1 + Fr,,,’/a 

q = 1 -  
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Fig. 2. Cross-correlation plot a t  various angles of inclination and 
h = 0. 
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Since Equation (4)  is dimensionless, a dimensionless 
function f ( 0 )  was sought which would correlate both the 
data of Greskovich ( 1973) and Cooper (1975). It was as- 
sumed for this work that this function should take the form 
(sin 0) b.  The constant C1, as defined by many investiga- 
tors, such as Bonnecaze et al. (1971), has been shown to 
be in the range 1.15 to 1.35. The constant Cz loses its 
identity in Equation ( 4 ) ,  since Cz f (0 )  was obtained by 
solving for the general function a(sin 0)  b, where the con- 
stant a does not necessarily equal the constant C2 in the 
Taylor bubble rise equation [Equation (2)  1. 

Experimental data from Greskovich (1973) for a 2.54 
cm diameter pipe and Cooper (1975) for a 7.94 cm diame- 
ter pipe at A = 0, corresponding to flowing gas through a 
quiescent liquid, at various mixture Froude numbers (for 
this case the flowing mixture reduces to gas only) and 
various angles of inclination were used to test Equation 
(4) .  By rearranging Equation (4)  at A = 0, it can be 
shown that 

From Figure 2, it can be noted that a plot of [ 1/ (1 - 
? ) ] A = o  vs. l/Frmyz at constant angles of inclination yielded 
varying slopes but intercepts between approximately 0.96 
and 1.05. On this basis, an average value of C1 was chosen 
to be 1.0. Similarly, Figure 3 was used to determine the 
coefficients for the function a (sin 0)  by plotting the slopes 
of Figure 2 [equal to C z f ( 0 )  for each 0 as defined by 
Equation ( 5 ) ]  against sin 0 on log-log paper. From the 
slope of Figure 3, a value for b was estimated to he 0.263, 
and from the intercept the value for a was 0.671. 
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Fig. 4. Comparison of predicted and measured true liquid holdups. 

PROPOSED CORRELATION TESTED OVER THE 
ENTIRE RANGE OF A'S 

The correlation resulting from the derivation and experi- 
mental data collected at zero input liquid qualities, A = 0, 
was evaluated over the entire range of A values based on 
the data and extrapolations of Guzhov et al. (1967), 
Greskovich ( 1973), and Cooper ( 1975). The equation in 
its final form is 

(6) 
When we use mixture Froude numbers of 0.1, 0.4, 0.8, 2.0, 
and 4.0, angles of inclination of 1, 2, 6, 9, and 10 deg. from 
the horizontal, and values of input liquid content of 0.1, 
0.3, 0.5, and 0.7, the predictions using Equations (6)  are 
compared with data on Figure 4. The agreement between 
these values is well within 25% for most of the data, but 
for low values of 7) the deviations could be as high as 
&lo%. 

7 = 1 - (1 - X ) / [ l . O  + 0.671 (sin0°.263/Frrn0.5)] 

CONCLUSIONS 

A relatively large amount of data were used in this study 
representing three different pipe diameters and five dif- 
ferent angles of inclination for the air-water system. True 
liquid holdups were collected at zero input liquid qualities 
experimentally and uniquely extrapolated over the range of 
input liquid qualities as previously described. By compar- 
ing this technique with limited available literature data, 
that of Guzhov et al. (1967) at 9 deg., it has been shown 
that the technique is reliable. Furthermore, when com- 
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paring true liquid holdup data from two different pipe 
diameters, we  can determine that the mixture Froude num- 
bers adequately account for variations in pipe diameter, 
and  any additional diameter effect is minimal when using 
the data  correlation of 7 vs. k at various angles of inclina- 
tions using mixture Froude number as a parameter for pipe 
diameters greater than 2.54 cm. 

Finally, based on this extrapolative technique and data  
from Guzhov et  al. (1967), a correlation has been devel- 
oped which proved to  be most reliable for predicting true 
liquid content for inclined slug flows. Since the correlation 
has been tested with pipe diameters up to 7.94 cm, it is 
recommended for general use with those traditional reser- 
vations regarding the character of the gas-liquid system. 
That  is, all the  data  used in  this work and  those data  used 
to  test the proposed correlation were based on  the air- 
water system, and  for general use, this correlation should 
be tested with other gas-liquid systems. 

N O T A T I O N  
A 
C1, Cz = constants in Equations (1) and ( 2 ) ,  respectively 
D = pipe diameter, cm 
f ( 8 )  = some function of angle of inclination 
Fr, = mixture Froude number, UNs2/Dg 
g = gravitational constant 
QG, QF = gas and  liquid flow rates, respectively, cn3/s 
UNS = no-slip or mixture velocity, QG + QF/A,  cm/s 
UBR = bubble rise velocity given by Equation ( 2 ) ,  cm/s 
Greek Letters 
a = gas void fraction 
7 
q A = O  = true liquid holdup at zero liquid rate 
8 
A 
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An Unsteady State Method for Measuring 
the Permeability of Small Tubular 
Membranes 

An experimental method is described for measuring the permeability of 
small tubular (hollow fiber) membranes by means of an unsteady state 
diffusion experiment. Permeability data obtained by this method are re- 
ported for experimental collagen and commercial cellulose acetate mem- 
branes for urea, sucrose, and polyethylene glycol (MW - 4 000). 
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