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Abstract--Measurements of liquid hold-up and pressure drop are reported for stratified flow in a slightly 
inclined (0.65 ° and 2.1°), 5cm pipeline. Velocity profiles in the gas phase have been determined for a 
limited number of flow conditions. Semi-empirical correlations are proposed for the transition to slug flow, 
the inteffacial friction factor and the liquid hold-up. 

INTRODUCTION 

Stratiti~l gas-liquid flow in horizontal or near-horizontal pipes has been widely studied in, the past 
years and a number of models or design equations are now available which represent a substantial 
improvement with respect to the empirical approach adopted by Lockhart & Martinelli (1949). 

Many of the available mathematical models or design methods (Johanessen 1972; Tait¢l & 
Dukler 1976; Persen 1984) are based on 1-D momentum balances in the gas and the liquid phases: 

--AL ~x -- TwLPL + ziS, + PLALg sin 0 = 0 [1] 

and 

- A o  - ~  - ~woP~ - ziSi + P~Aog sin 0 = 0, [2] 

where (dP/dx) is the pressure gradient, A is the phase cross-sectional area, p is the density, S is 
the interfacial width, P is the perimeter over which the stress acts, ~ is the shear stress, g is the 
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Figure I. Model of the flow. 
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acceleration due to gravity and 0 is the angle between the pipe and the horizontal; subscripts G 
and L are for gas and liquid, respectively, i for interfacial and W for wall. 

The flow model is shown in figure 1. In [1] and [2] the wall stresses ZWL and Zwo are evaluated 
by 

1 2 
17WL = ~ f L  PL U L [3a] 

and 

I 2 
ZwG = ~fG Po u ~, [3b] 

where u is the phase mean velocity, and the friction factors, fL and f~, are the same functions of 
the liquid and gas Reynolds numbers as in single-phase flow, with ReL and Re~ defined as 

and 

4AL UL 
Re L = - -  - -  [ 4 a ]  

P L  YL 

R e  G = _ _  

In [4a,b] v is the phase kinematic viscosity. 

4AG uo 

P~ + S, vo" 
[4b] 

There have also been attempts at a more rigorous analysis of the flow in the liquid (Buflham 
1968; Russel et al. 1974; Cheremisinoff & Davis 1979; Shoham & Taitel 1984). 

The results obtained by these authors give some improvement in the prediction of stratified flow 
in a pipe, but the use of [3a] is sufficient for most applications. 

In order to predict the interfacial shear stress in [1] and [2] a number of different assumptions 
or correlations have been used: 

1. Johanessen (1972) and Taitel & Dukler (1976) proposed that the film could be 
considered as a smooth surface for which [3b] applies. 

2. Cheremisinoff & Davis (1979) used 
1 2 

T, = ~ f  , PGuc [51 

with 

f ,  = 0.008 + 2.00.10 -5 ReL. [6] 

Equation [6] was derived by Miya et al. (1971) from data relative to flow in a 
channel at low liquid Reynolds numbers. 

3. Shoham & Taitel (1984) proposed the use of a constant interfacial friction factor, 
f = 0.0142, equal to the value found by Cohen & Hanratty (1968) for flow in a 
channel at low gas velocities. 

As can be seen, none of these correlations is based on direct measurements of pressure drops 
and liquid height relative to flow in a pipe. The scope of the present research is to develop a design 
method based on actual measurements of main flow parameters. For this purpose, the influence 
of the interracial structure on the flow behaviour of the gas and the liquid phases has been carefully 
examined. 

EXPERIMENTAL 

The experiments have been conducted in the Two-phase Flow Loop of the University of 
Trondheim described in detail by Persen (1985). The loop consists of a 26 m long, almost horizontal 
part terminating in a 10 m high vertical riser. Working fluids are water and air at atmospheric 
pressure and the "pipe i.d. is 5 cm. In these experiments the riser has been disconnected in order 
to avoid large pressure fluctuations which occur in the horizontal line when churn or slug flow is 
established in the riser. 

The inclination of the pipe can be adjusted with a precision of < 0.02 °. Present experiments a r e  

relative to inclinations or 0.65 ° and 2.1 °. 
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Air and water to the pipe are metered using calibrated rotameters. 
In a set of measurements the viscosity of the liquid has been changed by adding glycerine to the 

water. The viscosity of the water-glycerine solution has been determined by a calibrated 
viscosimeter. 

Pressure drops have been measured close to the outlet from the pipe, using an inclined 
manometer connected to pressure taps installed at a distance of about 4 m on the top of the pipe. 

Film thickness has been measured by the wire probe method, described in detail by Brown et 
al. (1978). In these experiments, two stainless-steel wires, 0.2 mm dia, placed at a distance of 5 nun 
have been used. The conductance of the wire probe was a linear function of the liquid layer for 
the full range of values of hL/D. 

The impedance of the probe was measured at 500 kHz using a HP 4815A RF vector impedance 
meter. In all the experiments the phase of the impedance was about zero and any undesired 
double-layer effect could be avoided. The analogue output from the impedance meter was 
converted into a digital signal and analysed by an HP 9845B computer which calculated the first 
four statistical moments of the signal. 

Velocity profiles in the gas phase were measured by a Pitot tube, 1.7 mm dia, which could be 
very precisely positioned along the axis of symmetry of the pipe cross-section by a micrometer head. 

FLOW DESCRIPTION 

The flow map has been determined by visual observation of the different flow patterns. In no 
case were annular flow conditions reached. At high gas velocity some liquid entrainment by the 
gas was observed. 

A few tests with a sampling probe indicated that under the present experimental conditions liquid 
entrainment was always < 5% of the total liquid flow. 

The present research is limited to the study of stratified flow. As shown in figure 2, within this 
flow regime, the interfacial structure undergoes substantial changes, and at least three different 
subregimes can be identified: 

1. The stratified smooth regime in which the interface may present low-amplitude 
disturbances, which do not affect the interracial friction factor. 

2. The 2-D wave regime, in which the interface is covered by a continuous 2-D wave 
structure, observed by the conductance probe, with typical amplitudes of the order 
1-2 mm and wavelengths of 10-20 mm. The transition to this flow regime causes 
a sharp increase in the interfacial friction factor. 
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Figure 2. Flow regime map. 
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3. The large disturbance wave regime in which large disturbances, observed by a 
number of authors [see, for instance, Hanratty & Hershman (1961)] are super- 
posed on the 2-D wave structure. 

As also shown in figure 2, at high liquid loads, stratified flow is delimited by the transitions from 
stratified smooth and from the large wave regime to the slug flow regime. 

The main features of the flow map determined in the present research are similar to other maps 
in common use in engineering applications, like those proposed by Mandhane et al. (1974) or by 
Taitel & Dukler (1976). However, a number of important differences can be noticed. The transition 
from large disturbance waves to slug flow occurs at lower liquid flow rates than predicted by Taitel 
& Dukler (1976). According to these authors, this transition occurs for hL/D >>, 0.5. The present 
experiments are correlated by the equation hL/D -~ 0.25. Present observations also show that, at 
high liquid loads, when the gas velocity is gradually increased, it is possible to observe at the same 
gas velocity the transition to 2-D waves close to the liquid inlet, the transition to large waves a 
few meters after, and the transition to slug flow close to the outlet. This last transition would not 
have been observed in a shorter pipe. These observations indicate that the growth of a slug is caused 
by the same mechanism which produces large waves superposed on a 2-D wave structure. 

Moreover, for hL/D >>, 0.25 the transition from stratified smooth to the 2-D wave regime appears 
to coincide with and to determine the transition to slug flow. It follows that, at least under the 
present experimental conditions, it is sufficient to predict the transition to the 2-D wave regime in 
order to determine also the onset of slug flow for hL/D >t 0.25. 

TRANSITION TO STRATIFIED WAVY FLOW 

The transition from stratified smooth to stratified wavy flow causes a large, sharp increase in 
the pressure gradient. This is shown in figure 3, where measured values of the pressure gradient 
are compared with the predictions derived according to the design methods proposed by Taitel & 
Dukler (1976) and by Lockart & Martinelli (1949). 

It can be noticed that these two methods give rather different results, but describe reasonably 
well experimental measurements in the limiting cases of low (Taitel & Dukler) and high (Lockart 
& Martinelli) gas flow rates. 

Interracial friction factors obtained from pressure-drop measurements are represented in figure 
4 as the ratio f i / f~  vs Uas. As already mentioned, in the stratified smooth regime f l  ~ f c ,  while 
at the onset of 2-D waves fl  becomes much larger than fG and increases with the gas velocity. 
These features of the stratified smooth to 2-D wave transition allow a very precise identification 
of the transition line. 

In figure 4 the correlation proposed by Hanratty & Andritsos (1984) for friction factors in 
horizontal flow is also represented. In these experiments the transition from smooth to wavy flow 
occurs at a much lower gas velocity (1.5 m/s) than in the present work. This velocity appears to 
be independent of the liquid flow rate. According to Hanratty & Andritsos (1984), f~/ fc  is given 
by 

f----~-~ = 1 for u < 1.5 m/s [7a] 
fo 

and 

f i  = 1 q- 0.75 (U~s _ 1) for > 1.5 m/s. [7b] \ 1.5 _ U~s 

The differences between horizontal and inclined flows are probably due to the presence of other 
types of interracial instabilities in horizontal flow which occur at lower gas velocities. These 
instabilities may cause a more gradual change in the interfacial structure and in the interracial shear 
stress than observed in our experiments. 

The transition to large waves, which is very important in vertical flow and at high gas velocity, 
as in such cases it coincides with the onset of heavy entrainment, does not cause significant 
modifications to the interfacial stress. 
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Figme 4. lnterfacial friction factors in the 2-D wave regime. Comparison with the correlation of  data 
relative to horizontal flow Oi L = 0.001 kg/s m, 0 = 0.65°). 

In order to determine the boundaries of the stratified smooth flow regime, the linear stability 
analysis proposed by Hanratty & Hershman (1961), and recently also adopted by Andreussi et al. 
(1985), may be the appropriate tool. Unfortunately, this analysis is rather complicated and the 
results have not been expressed using a simple equation. 

This analysis can be drastically simplified when inertia terms in the liquid momentum balance 
equation are neglected. This approach has been followed by Wallis & Dobson (1973) and Taitel 
& Dukler (1976). In this case the stability criterion for flow in a channel is given by 

where h represents the height of the phase cross-section. 
For flow in a pipe, [8] can be modified into 

uo >/PL- POg 0 Ao \½ 
/-----~-- ° cos d--~L/'dhL/ [9] 

As a consequence of the approximations made, it is necessary to introduce an adjustable constant 
in [8] and [9] in order to fit the experimental data. It can then be expected that the resulting equation 
will only hold for a limited range of flow variables. 

As shown in figure 5, the present results relative to two inclinations and two liquid viscosities 
are fairly well correlated assuming that the transition occurs at a constant value of the 
dimensionless number F, defined as 

Po dhL I ½" [I0] 

F = uo PL = PO Ao g cos 0 

Wallis & Dobson 0973) and Taitel & Dukler (1976) adopted a similar criterion to represent the 
transition from stratified wavy to slug flow. It may be useful to remark that [I0] represents the 
boundary of the stratified smooth regime and that the linear stability analysis can be, in this case, 
correctly applied to a smooth interface. 

The value of F determined in the present research, F = 0.44, is only slightly lower than the value 
proposed by Wallis & Dobson (1973), F = 0.5, for the transition to slug flow in a horizontal 
channel. This difference and the scatter of data shown in figure 5 is related to minor effects on the 
transition of the liquid viscosity and the pipe inclination, which may eventually be better described 
by a more rigorous stability analysis. 
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FLOW IN THE GAS PHASE 

The present measurements of pressure drop and film thickness have been analysed by means of 
[1] and [2]. In order to obtain r, from [1] it has been assumed that the mean shear stress at the 
wall relative to the gas phase, ZwG, can be calculated by the same equation used for single-phase 
flow, [3b], with ReG given by [4b]. This procedure appears reasonable when z, ~ Zwc, but the use 
of a gas Reynolds number as defined in [4b] may be questionable when z, >> ZwG, as in this case 
the gas flow perimeter does not present a uniform roughness. 

The present experimental analysis is heavily dependent on the assumptions made for predicting 
ZwG. Velocity profiles in the gas phase have then been determined by Pitot tube measurements in 
order to verify these assumptions, and also to obtain a better insight into the mechanism of 
momentum transfer at the gas-liquid interface. 

In figure 6, three of these velocity profiles are shown, one of which is relative to the case of gas 
flow only, the other two are for different values of Uts and the same value of UGs. The profiles have 
been determined along the axis of symmetry of the pipe cross-section. 

An interesting feature of these profiles is the progressive displacement of the maximum velocity 
towards the liquid layer at increasing values of hElD. In channel flow, an opposite behaviour has 
been observed by Cohen & Hanratty (1968), Akai et al. (1981) and Fabre et al. (1983). Fabre et 
al. also identified a secondary flow pattern which was directed, at the centre of the channel, from 
the liquid layer to the top of the channel. According to these authors, the shift of the maximum 
velocity toward the upper wall was related to the presence of secondary flows. In pipe flow the 
secondary flow appears to be directed in the opposite direction and the shift of the maximum 
velocity observed in present experiments can actually represent a measure of the magnitude of the 
secondary flow pattern. 

The shear stresses zwo and z, can easily be determined from the velocity profiles if it is assumed 
that close to the wall and to the gas--liquid interface the law of the wall equations can be adopted 
to describe the turbulent gas flow. Unfortunately, extensive use of this method to determine rwo 
or zi is rather tedious. Besides, the presence of droplets at large gas and liquid flows does not allow 
reliable Pitot tube measurements of the gas velocity. 

Therefore, the present measurements of gas velocity have been mainly used to cheek, for a limited 
number of cases, the method adopted to obtain ZwG and z~ from pressure-drop and liquid-height 
measurements. For this purpose, velocity measurements relative to the wall region have been made 
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dimensionless with respect to the wall friction velocity, 

u* = / ¢w--9, [l 1] 

and the measurements taken close to the gas-liquid interface with respect to the interracial friction 
velocity, u*, defined as 

r ' - ' - ' -  

u* = T / ~ .  [12] 

Length scales have been chosen accordingly. In [11] and [12], ¢wo and ~i are the shear stresses 
evaluated from pressure-drop and liquid-height measurements. 

In figure 7 it is shown that the profiles determined close to the pipe wall are in a very good 
agreement with the law of the wall equations (see Schlichting 1960): 

Uw + = .~, = 2.5 lny~v + 5.5, [13] 
Uw 

where yw + is the dimensionless distance from the wall. The profiles determined close to the liquid 
layer follow the equation 

u + = u---9-° = 2.5 lnyi  + + D,, [14] ' u *  

where, as in rough pipe flow, the constant Di is found to depend on the interfacial roughness. 
The results reported in figure 7 confirm that the wall stress in the gas phase can be correctly 

calculated by means of  [3b]. The interfacial stress can then be derived from [1] and measured values 
of  pressure drop and liquid height. 

Dimensionless velocity profiles relative to the gas-liquid interface also suggest that an analogy 
can be established between flow over a wavy liquid layer and flow in a rough pipe. In particular, 
the present experiments indicate that the slope of u, + vs lny,  + is equal to the inverse of the von 
Karman constant, i.e. the same value as in law of the wall equations for flow over a rough surface. 
Cohen & Hanratty (1968) found that this slope was appreciably higher and concluded that the 
mechanism of  turbulent energy transfer at the gas-liquid interface was different from the case of 
a rough wall. Their experiments were relative to the case of  a horizontal channel, lower gas 
velocities and a 3-D wave structure. 
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Table 1 

ut.s Uc, s k,u~* f ,  ht, 
(m/s) (m/s) v o fG D 

0.0089 14.1 520 4.24 0.0475 
0.0089 16.9 1256 5.91 0.0375 
0.023 14.1 1207 6.52 0.0670 

~t. = 0.0028 kg/m s, 0 = 0.65*. 

In analogy with flow in a rough pipe, the constant Dt in [14] can be evaluated from experimental 
measurements and related to the equivalent sand roughness, k,, by (see Schlichting 1960) 

D i = 8 . 5  - -  2.5 In k,u*. [15] 
~G 

As shown in table 1, the values of the dimensionless number k, u*/v, determined in the 2-D 
r e ,  me are always within the so-called fully rough regime for flow in a rough pipe, i.e. k, U*/VG > 70. 
It can then be expected that the interfacial friction factor f i  be a function of the ratio k,/Rr~, where 
R.. is the hydraulic radius for flow over the wavy interface. It can be assumed that R.i scales as 
the distance between the maximum gas velocity and the liquid layer. The limited number of velocity 
profiles analysed in the present work indicates that this distance is mainly a function of hL/D. It 
is also assumed that the size of the interfacial roughness, made dimensionless with respect to the 
pipe diameter, is a function of  the difference F - F0 between the actual value of  the Froude number 
F and its value at the onset of 2-D waves, and eventually of the ratio hL/D. It is concluded that 
the interracial friction factor fi  can be represented as a function of  F -  F0 and hLD. As for 
F = F0, f i  ~ fG, it is convenient to express f ,  as 

f--~=f F - F 0 ,  F > F  0 

f_2_'=l F~<Fo. 
fo 

[16] 

In figure 8 measured values of  fi/fG are plotted vs the dimensionless group (F - Fo)(hL/D) °'3. 
This group, with F0 = 0.36, gives the best fit to the present data. As can be seen, the correlation 
is good, in particular for flow regimes relative to the same value of  inclination and viscosity. As 
the correlation critically depends on the value of F0, the scatter of  data in figure 8 is probably 
related to minor effects of viscosity and inclination on the transition to 2-D waves, already noticed 
in figure 5. When more extensive data are available, it will be possible to improve the correlation 
considering F0 as a function of  fluid properties and inclination. 
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Figure 8. Correlation of  f,/fo as a function of  the dimensionless number (F - Fo)(hL/D) °3. 
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Finally, the value of F0 which gives the best fit to the present measurements of interracial friction 
factors (F0 = 0.36) is lower than the value at the transition to 2-D waves (F0 = 0.44). This appears 
to be mainly due to the fact that the value F0 = 0.36 has been obtained with an optimization 
procedure applied to an analytical function which presents a jump at F = F0, while experimental 
measurements show a more gradual variation at the onset of 2-D waves. 

The best fit of the data, shown in figure 8, is given by the equation 

f--: = 1 + 29.7 (F  - 0.36) °-67 [l;rl 
f s  

Equation [17] is also represented in figure 8. Due to the limited set of data on which this equation 
is based, any generalization or the use of [17] for different fluid pairs or flow geometries may lead 
to appreciable errors. 

FLOW IN THE LIQUID PHASE 

Simultaneous measurements of the pressure gradient and the height of the liquid layer allow us 
to derive from [2] the value of the mean shear stress at the wall in the liquid phase, ZWL, when z, 
is calculated from the momentum balance in the gas phase. 

The friction factor fL can be obtained from 

' rWL [ 1 8 ]  f L ~ 1 2 "  
~PLUL 

In figure 9 experimental values of fL are plotted vs U~s for a given liquid flow. In the same figure, 
the values of f g  calculated from the friction factor equation for a smooth pipe, 

f L  = 0.046 ReL °: [19] 

with R e  L given by [4a], are also represented. As can be seen from figure 9, at the onset of 2-D waves 
fL increases sharply, thus indicating an increase in turbulent dissipation in the film. 

At the onset of large w a v e s  f L  gradually decreases with increasing U~s. As discussed by Andreussi 
et al. (1985), this behaviour, which is also encountered in the analysis of flow in a channel, can 
be attributed to the breakdown at the onset of large waves of the assumption of  a constant mean 
liquid film thickness. Large waves move faster than the base film, thus causing a decrease in the 
mean film thickness and an apparent decrease in dissipation. 

All data obtained in the present work show a definite influence of the gas velocity on the friction 
factor in the liquid. Fortunately, this effect has little consequence on the value of the liquid hold-up, 
which is a more fundamental parameter in developing design equations. It seems then convenient 

M F 13/4,--I 

12 ULS= ~.v28nn m / $  

lO 

6 

I 
o 5 

Onset of 
~.~ /Large waves 

F \ 
/ 
¢ \ 

I I 
10 15 20 

UGS ( m / s )  

Figure 9. Friction factor at the wall for the liquid phase at the transitions to 2-D waves and large waves. 
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to derive from [18] a relation between the liquid hold-up ~L and the Reynolds number ReL, rather 
than a relation between fL and ReL. This can be accomplished by multiplying both sides of [18] 
by ReL. After simple manipulations, we obtain 

0~" = ~L ~L \-"P~L J " ~ L  = ReL. [20] 

We assume that the r.h.s, of [20] is only a function of ReL. In figures 10 and 11 we represented 
measurements of ~-  vs ReL. From figure 10, it can be seen that with no gas flow the theoretical 
lines which can be predicted assuming laminar and turbulent friction factor relations for 
single-phase flow are closely followed. As shown in figure 9, in the presence of a turbulent gas, 
the behaviour of the liquid phase changes but the bulk of the data is still fairly well correlated, 
assuming that in [20] fL is given by the same equations as in single-phase laminar or turbulent 
flow. 

CONCLUSIONS 

In downwardly inclined pipes the stratified smooth flow regime has a wider extension than in 
horizontal flow. The transition to a 2-D wave structure occurs with sudden and large modifications 
of the main flow parameters. At high liquid loads, this transition coincides with and appears to 
determine the transition to slug flow. The transition to the large disturbance wave regime does not 
produce significant changes in the flow structure. 

The stratified smooth and stratified wavy regimes at low liquid entrainment can be described by 
simple I-D models. However, it is necessary to predict correctly the interfacial shear stress. 

This is straightforward for the stratified smooth regime, for which it can be assumed that 
f ,  = fG. For the stratified wavy regime, the empirical fit of the present data, [17], can be used along 
with a trial-and-error procedure. 

The velocity profiles in the gas phase can be correlated by the law of the wall equations close 
to both the pipe wall and the gas-liquid interface. With increasing liquid level, the maximum 
velocity in the gas phase moves toward the gas-liquid interface. 
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