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Abstract--High-pressure (3-12 MPa) steam/water two-phase flow in a 180mm i.d. horizontal pipe has 
been experimentally investigated with emphasis on the study of phase and velocity distributions and liquid 
holdup. The phase and velocity distributions measured along the vertical centerline of the pipe indicate 
clear separation of the phases across the wavy interface region. The dimensionless velocity profiles in the 
liquid phase follow the logarithmic distribution near the bottom of the pipe, but deviate away close to 
the wavy interface due to interracial shear. The liquid holdup data can be satisfactorily correlated using 
a Martinelli parameter for mass velocities > 200 kg/m 2 s. However, the condition at the outlet of the test 
section has a significant effect on holdup at mass velocities < 100 kg/m 2 s. When the water level in the 
tank, to which the test section discharges, is below the test section outlet, constant values of liquid holdup 
are obtained at low qualities which depend only on the liquid mass velocity. When the water level in the 
discharge tank is kept above the test section, the gravity head at the exit d~_~o~!e~tes the liquid flow and 
significantly higher liquid holdup values are obtained. The holdup data at low mass velocities were 
correlated in terms of dimensionless flow rates for both cases. 

1. I N T R O D U C T I O N  

Horizontal two-phase flow has been studied in the past by many investigators, however, most of 
the experimental studies were conducted with low-pressure air/water systems in small diameter 
(typically 50 mm dia) tubes. There are many applications, particularly in the nuclear, chemical, 
petroleum and other industries where two-phase flows occur in much larger diameter pipes, and 
in some cases at elevated pressures. For example, the two-phase flow behavior in large diameter 
horizontal pipes is of importance in connection with the safety analysis of small-break loss-of- 
coolant accidents (LOCAs) in pressurized water reactors (PWRs), because of its effect on the decay 
heat removal from the reactor core. 

In the past, few studies have addressed the two-phase flow in large diameter pipes. Simpson 
et  al. (1981) identified the flow patterns and also measured the pressure drop and void fraction for 
air/water two-phase flows in 216 and 125 mm i.d. horizontal pipes at pressures close to atmospheric. 
For steam/water two-phase flow, l_ester (1958) analyzed the pressure drop measurements obtained 
in 103 and 154mm i.d. pipes at pressures up to 0.7 MPa. Harrison (1975) and Freeston (1979) 
analyzed the geothermal experimental data obtained in pipes of 200 and 100 mm i.d. at pressures 
up to 1.3 and 1.1 MPa, respectively. Reimann & John (1978) and Reimann et  al. (1981) investigated 
the steam/water horizontal two-phase flow at pressures up to 10 MPa, but in 50 and 66 mm i.d. 
pipes. 

There are no other published studies to our knowledge which have investigated steam/water 
two-phase flow in large diameter pipes at high pressures that are encountered in reactor accident 
conditions. The objectives of the present study are, therefore, to obtain and analyze the 
experimental data on horizontal two-phase flow of steam and water in large pipes at pressures up 
to 12 MPa. The data would be useful in developing or validating various correlations for prediction 
of liquid holdup, flow patterns and other two-phase flow parameters. 

We will first describe the test facility including the two-phase flow instruments and then discuss 
the results of a series of experiments conducted with a large diameter horizontal pipe at pressures 
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Figure I. Test facility schematic. 

up to 12 MPa. In this work, the phase and velocity distributions as well as holdup data for 
separated (stratified and wavy-stratified) flow patterns are presented and discussed. 

2. TEST FACILITY AND INSTRUMENTATION 

The experimental facility used in this work is the Two-phase Flow Test Facility (TPTF) 
constructed at the Japan Atomic Energy Research Institute's Tokai Establishment. This facility has 
been designed to perform various steam/water two-phase flow and heat-transfer experiments at 
steady state and at pressures up to 12.8 MPa. 

The flow loop used in the present series of experiments is shown in figure 1 and consists of an 
electrically heated boiler, separate pumps for steam and water lines, a mixer and a 10m long, 
180 mm i.d. horizontal test section. The demineralized water is heated in the boiler to saturation 
conditions at a desired system pressure. Saturated steam is pumped from the top of the boiler 
through an orifice meter and into the mixer located at the entrance of the test section. The steam 
pump is a blower-type pump that was specially designed and manufactured for use at high pressure. 
The steam flows through a demister located at the top of the boiler and becomes slightly 
superheated at the exit of the pump. Saturated liquid is drawn from the bottom of the boiler and 
similarly pumped through an orifice meter into the mixer. The piping for both steam and liquid 
lines is well-insulated to minimize heat loss and prevent steam condensation or liquid subcooling. 

The mixer is T-shaped as schematically shown in figure 2. The steam is introduced horizontally 
into a bundle of tubes and is forced out through numerous holes drilled along the side of each 
tube. Liquid introduced from the bottom of the tee flows on the outside of the tube bundle, where 
the steam and liquid mix with each other. A nearly homogeneous mixture of liquid and vapor is 

• expected to enter the test section. 
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Figure 2. Test section and two-phase flow instrumentation. 
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The test section consists of five sections of 180 mm i.d. stainless-stecl piping, each 2 m long and 
joined by Graylocs. The overall length is 10.0 m and the length-to-diameter ratio (L/D) is 56. The 
volumetric flow rates of vapor and liquid entering the test section can be changed independently 
by adjusting the flow control valves and the pump speed. The maximum volumetric flow rates are 
0.194m3/s for steam and 0.047 m3/s for liquid. For the 180ram i.d. test section, the maximum 
superficial liquid and vapor velocities are 1.9 and 7.6 m/s, respectively. A complete description of 
the test facility is given by Nakamura et  al. (1983). 

The horizontal test section is equipped with various two-phase flow instruments, as shown in 
figure 2. In order to obtain detailed information about the flow structure, several of the instruments 
are attached to traversing devices which enable measurement of mass and momentum distributions 
across the pipe cross section. To measure'density (or void) distribution, two of the y-densitometers 
with vertically-shot y-ray beams are traversed across the pipe cross section horizontally, yielding 
a horizontal distribution of vertical chord-average void fractions at locations near the inlet 
(L/D ffi 17) and outlet (L/D ffi 48) of the test section. The third densitometer with a horizontal beam 
is traversed vertically across the pipe cross section at L/D = 21, yielding a vertical distribution of 
horizontal chord-average void fractions. The fourth is a three-beam densitometer fixed to the pipe. 

In every densitometer system, the y-source is a 20 Ci, 137Cs y-emitter enclosed in a shielding cask. 
The beams are well-collimated and detected with NaI scintillation detectors, which are water- 
cooled to prevent temperature drift. For the traversing densitometers, the source and the detector 
assembly are installed on a platform and moved together horizontally or vertically across the pipe. 
The distance of each traversing step and the duration of counting can be changed to meet the 
desired level of spatial resolution and the statistical and dynamic errors. 

From the detector signals, chord-average void fractions are calculated for each beam at each 
counting position using the log interpolation method. The intensities for the single-phase liquid and 
vapor conditions are obtained separately by conducting single-phase runs at the same pressure. 

To measure momentum flux, a water-purged Pitot tube is used. The Pitot tube is attached to 
a driving mechanism which moves the probe vertically along the centerline of the pipe at a speed 
of 0.22 mm/s to measure the momentum flux distribution. The water-purge is necessary for use at 
high temperatures to prevent "generation of voids in the pressure sensing lines. The subcooled 
purge-water is continuously supplied at a constant rate of 0.5 ml/s with two positive displacement 
pumps which are operated in tandem. Due to purging, the response of the Pitot tube is reduced 
in comparison with a non-purged Pitot tube. Therefore, the Pitot coefficient was determined by 
separately conducting calibration tests in a wind tunnel. 

To further aid in flow pattern identificaton, five conductivity probes specially developed for use 
in high-temperature and high-pressure steam/water environments are attached to a rod which is 
situated along the vertical centerline of the test section. The fast response of the probes made 
discrimination between the separated and slug flows possible as described in the next section. 

All of the instruments are connected to a multichannel data logger and sampled simultaneously 
at a rate of 5 Hz for 400 s in each run. During this sampling period, the traversing instruments 
complete a sweep across the pipe cross section from one end to the other. To mainly record the 
conductivity probe signals, a second sampling of all instruments is performed at 100 Hz for 20 s. 
The data collected were processed by an off-line computer. 

3. TEST CONDITIONS AND FLOW PATTERN IDENTIFICATION 

The parameters that were varied in the present series of experiments include the system pressure 
(and the corresponding saturation temperature), inlet mass flux and flow quality as listed in table 
I. In addition, the effect of the test section exit conditions was investigated by setting the water 
level in the boiler, to which the test section discharges, either above or below the test section exit. 

Investigation of the effect of the exit conditions was motivated by the consideration of the 
geometries of the hot-leg and cold-leg piping in the PWRs. The hot leg connects the reactor vessel's 
upper plenum to the inlet plenum of the steam generator, and the cold leg conects the primary 
coolant pump discharge to the reactor vessel downcomer. The conditions at the exit of the hot leg 
may vary depending on whether or not the coolant remains in the steam generator inlet plenum 
during a small-break LOCA. If the steam generator inlet plenum is filled with the coolant, there 
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Table I. Range of experimental conditions 

Pressure (temperature) 3.0 MPa ( 2 M ° C )  

7.5 MPa (291°C) 
12.0 MPa (325°C) 

Flow rate 
G :  mass  velocity 0-1000 kg/m 2 s 
x: quality 0.003-0.90 

Test section 180.0mm i.d., 10.0m long 

is likely to be a gravity head effect on the two-phase flow in the hot leg. Similarly, the coolant level 
in the downcomer would affect the flow in the cold leg. 

The experiments were performed at a specified pressure under steady, saturation conditions. The 
flow rate of each phase was independently adjusted and brought to a steady state before recording 
the data. In the present work, only the separated flow (stratified and wavy-stratified) data will be 
presented and discussed, since this was the only flow pattern observed using the bubbly flow mixer 
(well-mixed inlet conditions) described above. Slug flow was observed, however, when a "separated 
mixer" was used that contains a flat plate and delivers the two phases into the test section 
completely separated. Identification of the separated and slug flow patterns was initially made quite 
unambiguously by examining the temporal variations in the densitometer, Pitot tube and 
conduction probe signals. The characteristics of the instrument signals under the stratified and slug 
flow patterns were later verified by directly looking into the pipe with an optical probe designed 
for use at high pressure. Typical flow patterns were recorded with a TV camera connected to a 
video recorder. 

The effect of the inlet conditions on the flow pattern described above may be attributed to the 
relatively short test section (180 mm i.d., 10 m long) involved. The L/D ratio of the present test 
section (56) may be considered too small to obtain well-developed two-phase flows, and transition 
from stratified to slug flow may eventually take place in certain cases, if the test section were much 
longer. 

As will be discussed shortly, the vertical void fraction profile measurements at 3.8 m (L/D = 21) 
from the test section inlet indicated clear separation of phases after the two-phase mixture enters 
the test section through the bubbly flow mixer. Other measurements downstream further indicated 
that the phases remain separated throughout the test section. Although the separated flow data 
digcussed in this paper may not be representative of well-developed flows, the results should be of 
considerable interest to reactor safety applications, because the L/D ratios of the hot and cold legs 
of PWRs are even smaller than that of our test section. 

4. PHASE AND VELOCITY DISTRIBUTIONS 

Typical void (or liquid) fraction and momentum flux profiles obtained for separated flow pattern 
are shown in figures 3 and 4. The horizontal liquid fraction distributions, measured at L/D = 17 
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Figure 3 .  L i q u i d  fraction distributions measured at L / D  = 17 and 48. 
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Figure 4. Chord-average void fraction and momentum flux distributions along the vertical centerfine of 
the pipe (y measured from the bottom of the pipe). 

and 48 and shown in figure 3, indicate a flat but somewhat irregular liquid-vapor interface. The 
vertical void and momentum flux distributions measured along the centerline of the pipe are 
sedated as expected. 

The vertical void fraction profile measured at L/D = 21 indicates the presence of interfacial 
waves. The void fraction increases sharply across the vapor-liquid interface, but over a region of 
finite amplitude. The higher the wave amplitude, the less sharply the void fraction varies near the 
interface. The interfacial waves grow in amplitude as they travel further downstream and the 
liquid-vapor interface becomes highly turbulent and irregular as can be observed from a 
comparison of the horizontal liquid fraction distributions measured at L/D -- 17 and 48. 

The momentum flux measured at L/D = 25, and shown in figure 4, increases steadily from the 
bottom of the pipe upward, reaches a peak and then rapidly drops and remains at a lower value 
in the upper part of the pipe. The peak in the momentum flux profile is observed to occur near 
the collapsed liquid level measured at L/D = 17, shown in figure 3. The rapid drop in momentum 
flux near the interface region is due to the sudden change in fluid density across the wavy interface. 

Measurement of the velocity distributions in separated flow (stratified and wavy flows) is useful 
for understanding of the interphase momentum transfer mechanism and development of an 
interracial shear correlation needed in two-fluid models. Previous studies on velocity profiles and 
turbulence structure have been conducted in mainly low-pressure air/water or steam/water systems 
for cocurrent separated flows (Jensen & Yuen 1982; Fabre et al. 1984) and in open-channel liquid 
flows (NaUuri & Novak 1973; Ueda et al. 1977). 

To obtain the local velocity from the momentum flux measurements, the local void fraction must 
be known at the same measurement location. The horizontal and vertical void fraction distributions 
for a separated flow obtained with the traversing ?-densitometers indicate that the singie-phase 
liquid or vapor can be assumed in regions above or below the wavy interface region, respectively. 
Furthermore, by comparing the momentum flux and void fraction profiles such as those shown 
in figure 4, the time-averaged boundaries of the wavy interface region can be estimated quite 
accurately. 

In two-phase flow, one must further consider the momentum exchange factor when calculating 
velocity from the Pitot tube data (Reimann 1983). The momentum exchange factor is given as a 
function of void fraction and has a value between 1 and 2, however, the models suggested in the 
past vary quite widely from one another (Kastner et aL 1985). Thus, in the present work the velocity 
profiles were calculated from the momentum flux data only in regions above and below the wavy 
interface with the single-phase vapor and liquid densities respectively, and with the momentum 
exchange factor of unity for both cases. 
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Table 2. Exl~rimental conditions for 
velocity measurement 

P USL Um 
Run (MPa)  (m/s) (m/s) 

354 3.0 0.39 5.49 
360 3.0 1.11 6.85 
365 3.0 1.22 0.68 
371 3.0 1.17 0.35 
373 3.0 1.17 3.43 
743 7,3 1.10 5.10 
747 7.4 1.27 2.02 
749 7.4 1.31 1.28 
751 7.4 1.35 0.51 
753 7.4 1.36 0.26 

1247 11.8 0,92 5.73 
1292 11.7 1.38 1.46 

The velocity profiles obtained at 7.5 MPa for the flow rates given in table 2 are shown in 
figure 5. The wavy interface region is indicated by a shaded area. As the vapor flow rate is increased 
for nearly the same liquid flow rate, the position of the wavy liquid-vapor interface is lowered and 
the average liquid velocity increases. The amplitude of the wavy region is seen to increase with 
increasing vapor flow rate. The plane of maximum vapor velocity can be identified in most cases 
except when the interfacial wave amplitude becomes rather large. 

The velocity profiles in the liquid phase can be examined in greater detail by plotting the data 
in non-dimensional form, as shown in figure 6. The momentum flux distributions were measured 
at pressures of 3, 7.5 and 12 MPa with the steam and water flow rates given in table 2. The velocity, 
UL, and distance, y, measured from the bottom of the pipe vertically upward along the centerline, 
are made dimensionless with a scaling velocity, U*: 

UL [ l ]  
U+ = U* 

yU* 
y + = - -  [2 ]  

VL 

Here, v L is the kinematic viscosity of the liquid. The scaling velocity, U*, is closely related to the 
wall-liquid friction velocity, however, for the data presented in figure 6, the values of U* were 
chosen so as to match the measured dimensionless velocity with the universal velocity distribution 
given below, at a value o f y  + = 104: 

U~" = 2.5 lny + + 5.5. [3] 

It is noted here that the large values of y + obtained in this study in comparison with those in 
low-pressure air/water flows in small diameter tubes are mainly due to the reduction in liquid 
viscosity at high temperatures and pressures, and the large diameter of the present test section. 
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Figure 5. Velocity distributions along the vertmal centerline of the pipe (pressure = 7.5 MPa, LID = 25). 
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Figure 6. Non-dimensionalized velocity profiles in the liquid phase. 

The velocity profiles measured in the liquid phase are observed to follow the curve given by [3] 
at all pressures in the fully-turbulent region at the bottom of the pipe, where y+ <~ 1.5 x 104. As 
the liquid-vapor interface is approached and y + exceeds 1.5 x 104, the velocity gradient changes 
and velocity increases in most cases deviating away from the universal distribution curve. 

In calculating the velocity from the momentum flux data, the single-phase liquid density was used 
below the wavy interface region. The actual density near the interface may be slightly less than 
the liquid density due possibly to the vapor entrainment. As a result, the liquid velocities just below 
the interface may have been underestimated. This does not, however, affect the observations on 
liquid velocity profile given above. 

The scaling velocity, U*, was found to be closely related to the friction velocity evaluated from 
the wall-liquid shear stress, 

t ' - - - - -  

UWL =/ZW__.L, [4] 
~/ PL 

where the wa l l - l iqu id  shear, XWL, was calculated wi th the average l iquid velocity, UL. and a f r ict ion 

factor, fWL: fWL PL U~ 

~WL = 2 [5] 

fwL = 0.046 Re -°'2. [6] 

The Reynolds number is computed with the hydraulic diameter for liquid which is defined in terms 
of the wetted perimeter of the pipe, SL, and the flow area occupied by the liquid phase, AL: 

Re = ULDEL 
VL [7] 

4AL 
DEL = SL [8] 

As shown in figure 7, the sealing velocity, U*, matches the wall-liquid friction velocity, UWL, 
quite well. The present results, thus, indicate that at all pressures, the liquid flow in the lower layer 
close to the bottom wall is similar to that in fully turbulent single-phase flow in a tube, but the 
flow in the upper layer close to the interface is strongly affected by the interfacial shear. 

Similar results for the liquid velocity profiles have been reported for low-pressure air/water 
open-channel flow by Nalluri & Novak (1973) and Ueda et al. (1977) among others, and for 
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Figure 7. Comparison of scaling velocity and friction velocity. 

cocurrent stratified flow by Jeffries et al. (1969) and more recently by Fabre et al. (1984). 
Furthermore, Fabre et al. (1984) have proposed, based on their measurements, a two-layer model 
to describe the flow in the liquid phase. In the lower layer, the eddy viscosity concept is applicable 
and the liquid velocity profile is fit with a logarithmic law just as in our case. In the upper layer, 
turbulence generated at the liquid-vapor interface due to the interfacial waves predominates and 
the length and velocity scales needed are linked to the interfacial wave structure. 

5. PHASE HOLDUP 

The liquid holdup in a horizontal pipe is an important parameter for prediction of two-phase 
pressure drop, flow pattern transition etc. It is also important for reactor safety applications, since 
the liquid holdup in the large diameter horizontal piping of a PWR primary loop significantly 
affects the break flow rate when a small break occurs at the side or bottom of the main pipe 
(Reimann & Khan 1984). 

The liquid holdup in the present study is defined as the cross-sectional area-averaged liquid 
fraction, =L, which is equal to 1 -0%, where 0% is the area-averaged void fraction obtained by 
weighted-averaging of chord-average void fractions measured with the traversing 7-densitometers. 
The weighted-averaging is performed with the chord length as the weighting factors. In the case 
of stratified and wavy flows, the liquid holdup can also be estimated from the vertical void fraction 
profiles by locating the average position of the liquid-vapor interface. 

The liquid holdup in cocurrent horizontal two-phase flow has been extensively studied in the 
past. Lockhart & Martinelli (1949) first attempted to correlate their adiabatic, low-pressure 
air/water data in terms of the parameter, X, where X 2 = ( d P / d X ) L o / ( d P / d x ) c ~  is the ratio of the 
frictional pressure gradient of the liquid to that of the gas when each phase flows alone in the pipe. 
Several other correlations have later been published, but Butterworth (1975) has shown that the 
correlations of Lockhart & Martinelli (1949), Zivi (1963), Turner & Wallis (1965), Thorn (1964) 
and Baroczy (1963) are essentially of the form 

1--oh. \ x ] \PL/ \IzG/ 

where x denotes quality, p is density and/z is the viscosity of the fluid. The coefficients, A, p, q, 
and r, have values between 0 and 1.0 depending on the specific correlation. Chen& Spedding (1983) 
have additionally shown that the drift flux formulation of Zuber & Findlay (1965) can also be 
arranged in a manner similar to [9] but with extra terms added to the r.h.s. 

Common to all of the correlations mentioned above is the absence of terms accounting for the 
effect of flow pattern and mass velocity. Johannessen (1972), Taitel & Dukler (I976) and more 
recently Chen& Spedding (1981) have shown that there is a theoretical basis for correlating the 
holdup data in stratified and annular flows in terms of the Martinelli parameter, X. For the case 
of stratified flow, the Martinelli parameter can be computed from quality and physical properties 
of gas and liquid, and does not depend on the mass velocity for turbulent flow regimes in both 
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The area-averaged void fraction data obtained in the present study at a pressure of  7.5 MPa are 
shown in figure 8 and listed in table 3. The data shown were measured at L/D = 17 and 48 with 
the bubbly flow mixer at the inlet. The water level in the boiler, to which the test section discharges, 
was kept well below the test section exit in all runs. This outlet condition is referred to as the low 
exit water level case. Also shown in figure 8 are the correlations of  Martinelli & Nelson (1948) and 
Thorn (1964), both of  which are applicable to high-pressure steam/water systems. 

There is little difference between the holdup values obtained at L/D = 17 and 48 for a given mass 
velocity and inlet quality. Although the two phases are well mixed at the inlet, they tend to separate 
quickly due to gravity and flow downstream without a significant change in void fraction. At mass 
velocities >400 kg/m 2 s, the void fraction decreases steadily with diminishing quality and is 
well-predicted by the Thom correlation. A strong mass velocity effect is evident, however, for low 
mass velocity/low quality flow conditions. At mass velocities < 100 kg/m 2 s, the void fractions 
coincide with those of  high mass velocity only at high quality, but asymptotically reach constant 

Table 3. Holdup values measured for low exit water level 

Void fraction 

857 7.4 I016 0.200 1.12 5.15 0.67 0.64 
855 7.4 1020 0.104 1.26 2.69 0.51 0.47 
853 7.4 1025 0.060 1.33 1.55 0.35 0.33 
851 7.4 I015 0.020 1.37 0.52 0.17 0.17 
849 7.4 1015 0.011 1.38 0.28 0.08 0.10 
845 7.4 440 0.374 0.38 4.17 0.76 0.77 
843 7.4 442 0.122 0.54 1.37 0.42 0.42 
847 7.4 426 0.022 0.57 0.23 0.16 0.22 
836 7.5 114 0.810 0.030 2.33 0.89 0.91 
838 7.4 I12 0.634 0.056 .1.79 0.83 0.87 

1561 7.6 116 0.153 0.14 0.45 0.67 0.68 
1563 7.6 114 0.093 0.14 0.27 0.65 0.66 
1565 7.6 115 0.052 0.15 0.15 0.64 0.65 
1567 7.7 116 0.038 0.16 0. I I 0.64 0.67 
834 7.5 42.6 0.575 0.025 0.62 0.82 0.88 

1555 8.0 45.2 0.378 0.041 0.42 0.87 0.83 
1557 7.8 43.5 0.209 0.049 0.23 0.83 0.79 
1559 7.7 42.8 0.122 0.053 0.13 0.79 0.82 

P G USL Uso 
Run (MPa) (kg/m 2 s) x (m/s) (m/s) L/D = 17 L/D = 48 
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Figure 9. Variation of void fraction with quality for different mass velocities (case of high exit water level, 
P = 7.5 MPa). 

values at lower quality. The asymptotic values are clearly dependent on the mass velocity. Similar 
trends in the holdup data for stratified flow have been reported by C h e n &  Spcdding (1984) for 
low pressure, air/water experiments using a 45.5 mm i.d. pipe and by Simpson et al. (1981) for both 
127 and 216 mm i.d. pipes. 

The effect of  exit conditions was also studied by measuring the holdup with the water level in 
the boiler raised to a level about  0.4 m above the center of  the test section exit. The area-averaged 
void fraction data obtained at L/D = 17 and 48 for this high exit water level case are shown in 
figure 9 and listed in table 4. The void fraction data obtained at high mass velocities show little 
difference from those for the low exit water level case and are again well-represented by the Thorn 
correlation. However, at low mass velocities, the void fraction decreases with a reduction in mass 
velocity in contrast with the low exit water level case. The void fraction also decreases (or liquid 

Table 4. Holdup values measured for high exit water level 

Void fraction 

779 7.3 I011 0.0030 1.38 0.085 0.06 0,09 
781 7.3 1013 0.0050 1.37 0.13 0.09 0.13 
775 7.3 I010 0.010 1.37 0.26 0.13 0.15 
751 7.4 1007 0.019 1.35 0.51 0.19 0.15 
749 7.4 I004 0.048 1.31 1.28 0.38 0.29 
747 7.4 I001 0.077 1.27 2.02 0.48 0,41 
773 7.3 1010 0.101 1.24 2.58 0.57 0.50 
743 7.4 1000 0.195 1.10 5.10 0.73 0.69 
732 7.4 400 0.391 0.33 4.10 0.84 0.81 
730 7.3 402 0.196 0.44 2.06 0.66 0.64 
783 7.3 414 0.106 0.51 l.II 0,43 0.47 
785 7.3 410 0.039 0.54 0.41 0.26 0.27 
755 7.4 407 0.019 0.55 0,21 0.13 0.13 
757 7.4 383 0.010 0.52 0.I0 0,16 0.12 
759 7.4 381 0.0050 0.52 0.050 0.08 0.06 
761 7.4 380 0.0030 0.52 0.031 0.06 0.04 
726 7.4 99.1 0.794 0.028 2.06 0.97 0.83 
728 7.3 100 0.596 0.055 1.57 0.91 0.69 
708 7.3 99.4 0.293 0.I0 0.76 0.65 0.53 
710 7.3 99.5 0.391 0.083 1.02 0.76 0.61 
1545 7.4 106 0.164 0.12 0.44 0.32 0.31 
1.547 7.4 103 0.098 0 .13 0.26 0.20 0.20 
1549 7.4 105 0 .050 0 .14  0.13 0.12 0.11 
763 7.4 102 0 .010 0 .14 0.027 0.05 0.04 
720 7.3 39.6 0.691 0.017 0.72 0.63 0.48 
722 7.3 39.7 0.590 0.022 0.61 0.57 0.44 
712 7.3 39.9 0.392 0.033 0.41 0.48 0.38 
714 7.3 40.2 0.196 0.044 0.21 0.31 0.24 

P G USL Uso 
Run (MPa) (kg/m2s) x (m/s)  (m/s) L/Dffi 17 L/Dr48 
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Figure 10. Correlation of liquid holdup data for separated flow at high mass velocities 
(200 kg/m 2 s < G < 1000 kg/m 2 s). 
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holdup increases) more significantly at the downstream end (L/D = 48) for low mass velocity, high 
quality flows. 

The exit effect observed can be explained in qualitative terms as follows. The higher water level 
in the boiler presents an increased resistance at the test section exit due to the gravity head 
proportional to the elevation of the collapsed water level in the boiler relative to the test section. 
This added resistance at the exit decelerates the liquid flow and from consideration of continuity, 
causes an increase in liquid holdup. The corresponding decrease in void fraction and increase in 
both vapor velocity and relative velocity between the two phases, results in increased interfacial 
shear and a new equilibrium interface level is reached. Thus, the conditions at the test section exit, 
namely the water level relative to the test section, are found to have a pronounced effect on liquid 
holdup for stratified flow of mass velocity < 100 kg/m 2 s, but little effect at mass velocities 
> 400 kg/m 2 s. 

6. C O R R E L A T I O N  O F  T H E  H O L D U P  D A T A  

The holdup data described above are analyzed in this section. In order to represent the average 
holdup in the test section, arithmetic averages of the holdup values obtained at L/D = 17 and 48 
are computed and either correlated or compared with the existing correlations. 

Mass velocity > 2 0 0 k g l m  2 s 

The liquid volume fraction data for mass velocity 9200 kg/m2 s obtained at pressures of 3, 7.5 
and 12 MPa are shown in figure 10 with the Martinelli parameter computed using [10]. Also shown 
in figure l 0 are the correlations of Taitel & Dukler (1976), Lockhart & Martinelli (1949), Kadambi 
(1981) and Cben & Spedding (1981). Data for the boiler water level both higher and lower than 
the test section exit are included in the figure. Both the Kadambi (1981) and Taitel & Dukler (1976) 
correlations were developed specifically for the stratified flow geometry, and are found to only 
slightly overpredict the present data. The correlation proposed by Chen& Spedding (1981), 

~ L  = k ,  + , ~ 2 / 3  [1 l] 

with ki ffi 1.0 and 2.5, describes the boundaries of the present data. The value of kt is believed to 
be dependent on the pipe size and a value of 2.5 was recommended for a 20 crn pipe. The Lockhart 
& Martinelli 0949) correlation was developed from low-pressure data and significantly under- 
predicts the present data. 

The best fit of the above data was obtained, as described below, by slightly modifying the method 
that Taitel & Dukler (1976) used to derive their correlation. Taitel & Dukler (1976) assumed an 
equal friction coefficient for calculation of interfacial and vapor-wall shear stresses. However, in 
the present experiments, the vapor-liquid interface is observed to be considerably disturbed at high 
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Figm'e 1 I. Correlation of liqmd holdup data for low mass velocity and low exit water level (separated 
flow, G < 100 kg/m 2 s). 

mass velocity conditions, as evident from the vertical void fraction distribution data. Thus, we 
calculated the liquid holdup for different values of  X,t, assuming the interfacial friction to be greater 
than the vapor-wall  friction by some constant factor. As shown by the solid curve in figure 10, 
the best fit o f  the present data was obtained for the constant factor of  3. The curve is seen to fit 
the void fraction data for the present range of  high mass velocity better than the original Taitel 
& Dukler (1976) correlation. 

Mass velocity < lOOkg/m 2 s 

The holdup data for mass velocity < 100 kg/m 2 s show distinctly different behavior from those 
at higher mass velocities and can not be predicted by any of  the correlations which are based on 
the Martinelli parameter. In addition, the holdup behavior is completely different depending on 
the conditions at the discharge end of  the test section, as described previously. 

For  the case of  the boiler water level kept below the test section exit, the vapor holdup reaches 
a constant value at low mass velocity and low quality conditions. The asymptotic value of  the void 
fraction depends mainly on the liquid flow rate, and the vapor flow rate has little effect. This 
suggests conditions similar to a free discharge of  liquid from a horizontal pipe. In open-channel 
flows, a Froude number is often used to correlate the flow parameters, and its use was considered 
for prediction of  the liquid holdup data under low mass velocity/low quality conditions. The holdup 
data are plotted in figure 11 against the dimensionless liquid flux, j*  = p[5 USL/[gD(PL- PG)] °5, 
which is essentially a Froude number for two-phase flow. Here, USL is the superficial liquid velocity. 
The data obtained at pressures of  7.5 and 12.0 MPa and listed in tables 3 and 5 for low mass 
velocity (UsL + Usa < 1.5 m/s) can be well-correlated by the following equation: 

0[ L ffi 1.05j *1/2. [12] 

The holdup data reported by Chert & Spedding (1984) are also shown in figure 11 and are seen 
to similarly vary linearly with the square root of  j~. 

For  the case of  the boiler water level kept above the test section exit, the void fraction is 
substantially reduced as the mass velocity decreases. The vapor holdup can not be predicted in 

Table 5. Additional holdup values for low exit water level 

Void fraction 

1581 11.6 101 0.395 0.092 0.57 0.32 0.26 
1601 11.8 106 0.193 0.13 0.30 0.39 0.34 
1603 11.8 105 0.107 0.14 0.16 0.42 0.36 
1600 11.8 105 0.0 0.16 0.0 0.44 0.38 
1596 11.7 41.2 0.588 0.026 0.35 0.15 0.13 
1597 11.7 41.9 0.397 0.039 0.24 0.20 0.15 
1598 11.8 42.8 0.228 0.050 0.14 0.23 0.18 
1599 11.8 43.7 0.0 0.067 0.0 0.27 0.21 
867 7.7 84.9 0.120 0.10 0.26 0.31 0.28 
868 7.8 60.5 0.180 0.070 0.27 0.24 0.22 

P G USL Um 
Run (MPa) (kg/m 2 s) x (m/s) (m/s) L/D ffi 17 L/D = 48 
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Figure 12. Correlation of  liquid holdup data for low mass velocity and high exit water level (separated 
flow, G < 100 kg/m ~ s). 

terms of the Martinelli parameter for the following reason. As the liquid flow rate approaches zero, 
the frictional pressure drop of the liquid phase diminishes and the Martinelli parameter decreases 
to a value of zero for any vapor flow rate. The existing correlations based on the Martinelli 
parameter predict zero liquid holdup (or void fraction of unity) for this limiting condition, however, 
the liquid holdup measured for no liquid flow conditions was found to remain finite and vary with 
the vapor flow rate. 

Thus, the void fraction data for the low mass velocity/high exit water level case are plotted in 
figure 12 against the dimensionless vapor flux, j~ = p~s Uso/[gD(PL -- po)~ "5, which is proportional 
to the superficial vapor velocity, Uso. The data obtained at pressures of 3, 7.5 and 12 MPa, and 
for low mass velocity (j'~. < 0.1) can be well-correlated by the following equation: 

ok; = 1.9j~ ~/2. [13] 

Equation [13] is strictly valid for the case of the boiler water level at the discharge end kept at 
about 0.4 m above the test section axis. The effect of increasing the boiler water level above 0.4 m 
could not be assessed due to facility limitations. 

It is interesting to note here that [13] is quite similar in form to the correlation for the stability 
limit of separated flow in a horizontal channel proposed by Wallis & Dot}son (1973), which can 
be expressed as follows: 

o~ = 1.6 j~  2/3. [14] 

Separated-slug flow transition is predicted to occur when the void fraction is less than the critical 
value given by the r.h.s, of [14]. As shown in figure 12, the void fraction given by [13] for a given 
vapor flow rate is always greater than the critical value for the onset of slug flow predicted by [14]. 
This is consistent with the fact that both the void fraction data shown in figure 12 and [13] are 
for separated flow. 

7. CONCLUSION 

The void fraction and momentum flux profiles have been measured and analyzed for steam/water 
separated (stratified and wavy) flows at pressures between 3 and 12 MPa in a 180 mm i.d. horizontal 
pipe. In general, the void fraction profile in separated flow is horizontally symmetrical but vertically 
seriated as expected. The dimensionless velocity profile in the liquid layer closely follows the 
logarithmic distribution near the bottom of the pipe, however, closer to the wavy interface, the 
velocity is strongly affected by the interracial shear. 

The phase holdup was measured and correlated for mass velocities of up to 1000 kg/m2s at 
pressures between 3 and 12MPa. At mass velocities >200kg/m2s, the holdup data can be 
well-correlated in terms of the Martinelli parameter. We have modified the Taitel & Dukler (1976) 
approach in order to obtain the best fit of the present data based on the observation of the enhanced 
interracial shear due to the presence of interracial waves. 

For low mass velocities (<  100 kg/m 2 s), the holdup behavior is quite different from that of the 
higher mass velocity case. In addition, the holdup is strongly affected by the conditions at the 
discharge end of the test section. For the boiler water level kept below the test section exit, the liquid 
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holdup reached constant values at low qualities unaffected by the vapor flow rate. Based on a 
similarity with the open discharge flow, the liquid holdup data for low mass velocities 
(UsL + USG < 1.5 m/s) were correlated in terms of the dimensionless liquid flux, j*. For the opposite 
case, namely the boiler water level kept at about 0.4 m above the test section exit, the liquid holdup 
decreased with the increase in the vapor flow rate. In this case, the void fraction data for j* < 0.1 
were successfully correlated in terms of the dimensionless vapor flux, j*. 
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