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ABSTRACT

Experiments that were conducted in steam-water two-phase 
flow with a piping segment instrumented for making flow mea­
surements are described. Results obtained with a triple-beam 
densitometer, a turbine flowmeter, and a drag flowmeter in the 
steam-water vertical upflow tests are presented. Comparisons 
between recorded turbine rotor velocities and velocities pre­
dicted by three turbine models are made, and two-phase mass 
flow models, applied to the recorded data, are compared with 
the mass flow metered into the steam-water system.

1. INTRODUCTION

The objective of the Advanced Two-Phase Flow Instrumentation Program 
is to improve the accuracy and precision of transient two-phase flow mea­
surements required in reactor safety research. Instrumented piping spool 
pieces and other two-phase flow measurement devices are being studied.

A series of experiments with advanced spool piece I in air-water 
two-phase flow has been documented in previous quarterly reports.1-4 
During the current report period, a similar spool piece was tested in 
vertical upflow in the Advanced Instruments for Reflood Studies (AIRS) 
Test Stand, a steady-state steam-water flow system that produces environ­
ments typical of the reflood portion of a postulated loss-of-coolant 
accident. The AIRS Test Stand tests were conducted to examine how obser­
vations made in the air-water experiments regarding instrument response 
and mass flow rate determination translate to a steam-water flow system. 
In particular, these tests were designed to determine whether the mass 
flow rate in two-phase steam-water flow could be obtained with sufficient 
accuracy using only drag and turbine flowmeters. If so, useful instru­
mented spool pieces could be constructed without using relatively expen­
sive gamma attenuation densitometers.

This report briefly describes the AIRS Test Stand and the methods of 
data acquisition and analysis used for the spool piece tests. Results
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from preliminary analysis of the data are discussed, and recommendations 
for future testing are made.
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2. EXPERIMENTAL EQUIPMENT AND METHODS

The AIRS Steam-Water Test Stand5 (Fig. 2.1) is used for testing in­
strument systems in flow conditions like those in a postulated nuclear re­
actor reflood. Superheated steam at 830 kPa (120 psia) and 440 K (340°F) 
and water at ambient temperature and pressure are mixed and passed ver­
tically upward through piping where flow instruments are located. Each 
phase's input flow rates to the system are measured using rotameters 
for water input and a Gilflo steam flowmeter for steam input. Visual ob­
servations of the mixed flow stream may be made both upstream and down­
stream of the test sections. An instrumented piping spool piece is lo­
cated near the top of the facility; measurements made with the spool 
piece instrumentation are compared to analogous measurements obtained 
with impedance probes or other devices installed in the lower sections.

The instrumented spool piece used for the steam-water testing 
(Fig. 2.2) consisted of a stainless steel pipe 91 cm (3.0 ft) long and 
8.9 cm (3.5 in.) ID with fittings for a drag flowmeter and a turbine me­
ter. A triple-beam gamma attenuation densitometer was installed on the 
spool piece at the location shown in Fig. 2.2. The turbine flowmeter had 
a full-flow 12-bladed rotor with untwisted blades and graphite bearings. 
Signals from the turbine transducers were processed both with Flow Tech­
nology, Inc., model FR-56I1000-L3 turbine monitor electronics and with 
the Oak Ridge National Laboratory (ORNL) turbine monitor electronics de­
scribed in previous reports.1*2 A full-flow perforated-plate drag body 
was used with the Ramapo, Inc., Mark V strain gauge^type drag transducer 
in the spool piece. The drag transducer had a zero-shift offset of =0.02 
mV/Vex or 1.0% of full scale at the temperatures used. An attempt to 
account for the zero shift was made in the data reduction procedure. No 
flow-dispersing screens were used in these tests.

Signal conditioning for the spool piece instrumentation was gener­
ally like that used for air-water spool piece testing, but the data ac­
quisition and reduction were done somewhat differently. Time-averaged 
voltage outputs from the spool instrumentation and loop-process instru­
ment data were recorded by hand from an integrating voltmeter and from 
process gauges. In addition, six channels of spool piece data were
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Fig. 2.1. Advanced Instruments for Reflood Studies (AIRS) Steam- 
Water Test Stand.

recorded using an analog FM tape recorder. The recorder had a maximum 
frequency response of 20 kHz. After the tests, the recorded data were 
transferred to the PDP-8 data acquisition system described previously1 
and then processed using an IBM FORTRAN computer progrm to yield the re­
sults shown in this report. The process used allowed application of



ORNL—DWG 79-16835 ETD

91 cm

T/E ADAPTER

i

DRAG TARGET

FLOW
DIRECTION

TURBINE
FLOWMETER TRIPLE-BEAM

DENSITOMETER

PRESSURE TRANSDUCER
DRAG
TRANSDUCER

Fig. 2.2. Instrumented spool piece used in steam-water two-phase 
flow tests.



6

two-phase flow models to instantaneous readings with techniques developed 
in earlier experiments.

The two-phase flow tests described in this report are summarized in 
Table 2.1. The tests were performed at a spool piece pressure of =725 kPa 
(=105 psia); thus, the phase densities in the test section were =0.90 and 
0.0038 g/cm^ (=56 and 0.23 lbm/ft3). The ambient water input flow rates 
used ranged from 0.31 to 1.07 liters/sec (5 to 17 gpm). Superheated steam 
input rates ranged from 0.131 to 0.756 kg/sec (1040 to 5990 lbra/hr). An 
energy balance was applied to the input flow rates and enthalpies to ob­
tain the mixture quality at the spool piece. It was assumed that there 
was no heat lost from the fluid between the input metering stations and 
the test section. This assumption is reasonable because the loop piping 
is well insulated. At the lowest void fractions, the heat loss may have 
some effect on the calculated test section qualities and vapor phase ve­
locities, because the amount of steam left after mixing with subcooled

Table 2.1. Two-phase flow conditions for AIRS Test 
Stand steam-water tests

Superficial 
liquid velocity 
[m/sec (ft/sec)]

Superficial 
vapor velocity 
[m/sec (ft/sec)]

Quality
(%)

Void
fractiona

(%)

0.25 (0.81) 0.23 (0.74) 0.4 59
0.25 (0.83) 2.1 (7.07) 3.4 73
0.25 (0.82) 5.0 (16) 7.7 81
0.25 (0.82) 10.0 (33) 15.0 93
0.25 (0.81) 19.0 (63) 24.0 95
0.17 (0.57) 0.39 (1.3) 0.9 63
0.17 (0.57) 2.3 (7.6) 5.3 76
0.17 (0.57) 5.5 (18) 12.0 84
0.17 (0.57) 13.0 (42) 24.0 95
0.12 (0.38) 15.0 (50) 36.0 96
0.11 (0.36) 6.5 (21) 19.0 90
0.12 (0.38) 2.4 (8) 8.1 75
0.12 (0.38) 0.88 (2.9) 3.1 60
0.073 (0.24) 1.7 (5.6) 9.0 70
0.073 (0.24) 3.7 (12.0) 18.0 83
0.073 (0.24) 6.2 (20) 26.0 89
0.073 (0.24) 16.0 (52) 48.0 96

^Based on gamma densitometer data.
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water is so small. For the flow rates used, the calculated test section 
quality was between 0.004 and 0.48, while the void fraction in the spool 
piece, derived using the densitometer data, ranged from 0.66 to 0.99.
The flow rates were chosen to allow examination of unsteady slug-flow re­
gimes (low-steam flow rates) as well as steady annular- and dispersed-flow 
regimes (high-steam flow rates). The nature of the flowing mixture was 
apparent both by visual observations made through the lower view ports and 
by the behavior of the output signals from spool piece instrumentation, 
particularly the densitometer (Fig. 2.3).

Tests were conducted using the following procedure: the water flow 
rate was set to the desired value, then steam was introduced in sufficient 
quantity to produce a two-phase mixture in the test stand. The lowest 
possible stable steam flow rate at each water flow rate was used while

ORNL—DWG 79-16747 ETD
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Fig. 2.3. Voltage outputs from beam B (diametrical beam) of densi­
tometer in steam-water slug flow (lower trace) and annular mist flow 
(upper trace).
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maintaining a two-phase mixture; these were the lowest void fractions and 
quality points shown in Table 2.1. Next, data were taken at higher steam 
flow rates, when significant changes in the densitometer or turbine output 
voltages were observed. The highest steam flow rates used produced tur­
bine mean velocities of =20 m/sec (=67 ft/sec), the highest turbine speed 
that could be interpreted by the turbine flowmeter electronics.
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3. RESULTS AND DISCUSSION

Two-phase flow parameters determined from the drag flowmeter, densi 
tometer and turbine meter outputs are presented here to illustrate the 
instruments' response to the flow.

The composite pipe-average density derived from the densitometer 
data is plotted in Fig. 3.1. The solid lines represent the density that 
would occur if the flow were homogeneous (no slip between phases). The 
predominance of data is at higher void fractions [densities less than 
0.32 g/cm (20 lbm/ft )], and most of the points lie at higher values 
than the homogeneous densities, indicating slip ratios greater than 
unity. The mean liquid and mean vapor phase velocities (determined us­
ing volumetric flow rates of each phase in the spool piece and void frac 
tions calculated from the densitometer data) are plotted vs quality in

ORNL-DWG 79-16748 ETDo
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Fig. 3.1. Composite pipe-average densities derived from triple­
beam densitometer data taken in steam-water tests. Solid lines repre­
sent homogeneous (no-slip) densities calculated from input flow rates.
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Fig. 3.2. The vapor phase velocities [Fig. 3.2(a)] increase fairly uni­
formly with increasing steam flow at a given liquid flow rate. Also, at 
constant quality, the lower water flow rates produce lower steam veloc­
ities. The mean liquid phase velocity [Fig. 3.2(b)] increases rapidly at 
higher qualities as the flow regime changes from a froth or churn flow to 
annular or annular-mist flow. The quality calculated for the two points 
with lowest quality (<1%) may be seriously in error because of uncertain­
ties in quantities used in the energy balance.

The time-averaged velocity of the 12-bladed turbine in the steam- 
water tests (Fig. 3.3) was almost always greater than the mean liquid 
velocity but less than the mean vapor velocity. For a given water flow 
rate, the ratio of turbine speed to mean liquid phase velocity is ap­
proximately constant, independent of steam flow [Fig. 3.3(b)]. At higher 
liquid flow rates, the turbine speed is closer to the liquid phase veloc­
ity but still exceeds it by a factor of ~3. On the other hand, the 
turbine speed lies relatively close to the mean vapor phase velocity at 
most of the flow rates tested [Fig. 3.3(a)]. At the highest steam flow 
rates, the turbine speed follows the steam velocity well; but at lower 
steam rates, in churn and slug flow, the turbine speed is appreciably 
less than the steam velocity. Generally, for these tests the turbine 
speed was much closer to the steam velocity than to the liquid velocity.

The turbine response models, which were compared with the 5-bladed 
turbine data from the air-water tests, have been compared with the 12- 
bladed turbine tested in the AIRS Test Stand. The phase velocities shown 
in Fig. 3.2 and the void fractions from densitometer data were substi­
tuted into equations that define the turbine velocity in terms of phase 
densities, phase velocities, and the void fraction.2 The results are 
shown in Fig. 3.4. Generally, the volumetric6 model slightly over­
predicts the observed turbine velocities over the range of flow rates 
tested, while the Aya7 and Rouhani® models underpredict the observed 
velocities. In contrast to the air-water vertical upflow results, how­
ever, the volumetric model predicts best turbine velocities of the three 
models tested. An exception is at the lowest steam flow rates, when the 
volumetric model prediction falls below the actual turbine velocity. 
(These points are at flow rates where calculation of the test section
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Fig. 3.2. Velocities calculated from spool piece volumetric flow 
rates and void fractions determined from densitometer data: (a) mean 
vapor phase, (b) mean liquid phase.
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steam-water two-phase flow tests plotted vs (a) vapor and (b) liquid
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12-bladed turbine data taken in AIRS Test Stand. Solid lines represent 
perfect agreement for each model.



14

quality and, thus, the phase velocities have the greatest uncertainty.) 
The performance of the Aya and Rouhani models is quite similar. The er­
ror between their predictions and the actual turbine meter velocity is 
slightly less at the highest velocities, when the flow regime is annular 
mist.

A 12-bladed turbine identical to the one used in the steam-water 
tests was run in vertical upflow in the air-water system. Results of 
model comparisons to the 12-bladed turbine data using air-water void 
fractions and phase velocities (Fig. 3.5) are qualitatively like those 
from the steam-water tests, that is, at high void fraction, the volu­
metric model overestimates the turbine velocity, while the Aya and 
Rouhani models underestimate it. (The air-water tests included data at 
void fractions lower than 50% — points not obtainable in the AIRS Test 
Stand.) For given air and water flow rates, the 12-bladed turbine 
indicates higher velocities in two-phase flow than the 5-bladed turbine 
did. Air-water tests with the 5-bladed turbine showed that the turbine 
speed approximated the mean liquid velocity when the void fraction was 
low. Even at low void fractions, however, the 12-bladed turbine's speed 
exceeds the mean liquid velocity by a significant amount. Thus, the 
12-bladed turbine is apparently more responsive to the presence of the 
faster moving gas phase in the pipe, registering higher speeds than the 
5-bladed turbine. None of the turbine models examined accurately pre­
dicts the behavior of the 5- or 12-bladed turbines in vertical upflow for 
all flow regimes.

i
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represent perfect agreement for each model.
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4. TWO-PHASE MASS FLOW MODELS

Models involving simple algebraic combinations of the reduced read­
ings from the turbine and drag flowmeters and the densitometer have been 
applied to the data taken in the AIRS Test Stand. Comparisons of the 
model calculations with the metered input mass flow rates are presented 
in this section.

The pipe-average density from the densitometer pa and the mean 
turbine velocity Vt may be combined to give

Gi = paVt . (4.1)

Gj is plotted vs the actual mass flux in Fig. 4.1. The mass flow rates

ORNL-DWG 79-6124 ETD
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Fig. 4.1. Mass flux predicted using densitometer and turbine

flowmeter readings (G^ plotted vs mass flux metered into AIRS Test
S t and.
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predicted by G^ grossly overpredict the correct mass flux over the entire 
range of flow rates. In the air-water tests, Gj had predicted the actual 
flux reasonably well at lower void fractions because, in those cases, the 
turbine speed had approximated the mean liquid phase velocity. The void 
fractions and slip ratios obtained in the steam-water system were rela­
tively high, however, and the turbine rotor was more responsive to the 
vapor velocity than were the five-bladed rotors used previously.

Figure 4.2 is a similar graph for the model

G2 = VPald » (4.2)

where is the momentum flux indicated by the drag flowmeter. Again,

ORNL-DWG 79-6122 ETD
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Fig. 4.2. Mass flux predicted using densitometer and drag flow­
meter readings (G2) plotted vs mass flux metered into AIRS Test Stand.
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the mass flow rates predicted by the model overestimate the correct mass 
fluxes over the entire range but by a lesser amount than Gj. A previous 
report3 showed that G2 will overestimate the mass flux at high slip 
ratios if the drag flowmeter reading conforms to a two-velocity model. 
Thus, G2 appears unsuitable for application in flows of this nature un­
less correction factors are applied.

The behavior of the third model,

G3 = Id/Vt , (4.3)

is shown in Fig. 4.3. At times when the drag flowmeter reading was be­
low = 300 kg/m'sec^ (=200 Ibjjj/ft* sec2) or =1% of full scale, the data

ORNL-DWG 79-6123 ETD
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Fig. 4.3. Mass flux predicted using turbine flowmeter and drag flow­
meter readings (G3) plotted vs mass flux metered into AIRS Test Stand.
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were deemed unsuitable for model comparison, and those are not plotted 
in Fig. 4.3. In general, the model results lie some 10 to 30% less than 
the correct values. Air-water vertical upflow tests demonstrated that 
the drag coefficient of the full-flow targets in two-phase flow were not 
appreciably less than the single-phase drag coefficients. Therefore, 
the underestimate is most likely because the turbine speed Vt is greater 
than that predicted by the Rouhani turbine model.
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5. CONCLUSIONS

An experimental study was performed using an instrumented piping 
spool piece in the AIRS Test Stand, a steam-water flow system. Flow 
through the spool piece was vertically upward. The steam and water flow 
rates produced several flow regimes; the void fraction in the spool piece 
was always greater than 50%.

Analysis of the densitometer data showed that the pipe-average slip 
ratios for the steam-water flow points were high, ranging from ~3 to ~10. 
The turbine velocity was found to greatly exceed the mean liquid phase 
velocity; its velocity was fairly close to the mean steam velocity over 
most of the flow range. Consequently, the Aya and Rouhani turbine models 
seriously underestimated the turbine velocities for these tests. The 
volumetric model, however, predicted the turbine velocity reasonably 
well, except at the lowest steam flow rates used. (The 12-bladed turbine 
used in the steam-water tests was also found to greatly overestimate the 
liquid velocity in the air-water system, in contrast to the 5-bladed tur­
bine used previously.)

Comparisons of the data calculated using the mass flow models = 
paVt» G2 = ^Pa-’-d’ and G3 = ■Cd//Vt with the actual two-phase mass flux in 
vertical upflow have suggested the following points.

1. At the flow rates and void fractions used in the steam-flow 
tests, G1 grossly overestimates the mass flux, largely because of turbine 
speeds well in excess of the mean liquid velocity.

2. G2 overestimates the mass flux at the high slip ratios charac­
teristic of the steam-water tests, though not as badly as G^.

3. When the drag flowmeter output was high enough to be signifi­
cant, Gj was found to yield consistent results but fell somewhat below 
the true mass flux because of the turbine overspeed problem mentioned 
above.

Recommendations made with respect to further steam-water testing of 
instrumented spool pieces of the type described here are:

1. use of drag transducers ranged to more accurately measure fluid
momentum fluxes below =300 kg/m*sec^ (=200 lbm/ft*sec^);
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2. use of a 5-bladed turbine so that the Rouhani model is more appro­
priate, or, alternately, development of a two-phase mass flow rate 
model that incorporates the volumetric turbine model assumption for 
use with data from the 12-bladed turbine;

3. extension of the testing to include higher water flow rates and lower 
void fractions, so that the transitions in instrument behavior to 
single-phase liquid flow could be studied.



22

REFERENCES

1. K. G. Turnage et al., Advanced Two-Phase Instrumentation Program 
Quarterly Progress Report for April—June 1978, ORNL/NUREG/TM-279 
(January 1979).

2. K. G. Turnage et al., Advanced Two-Phase Flow Instrumentation Pro­
gram Quarterly Progress Report for July-September 1978, ORNL/NUREG/ 
TM-309 (May 1979).

3. K. G. Turnage et al., Advanced Two-Phase Flow Instrumentation Pro­
gram Quarterly Progress Report for October-December 1978, ORNL/ 
NUREG/TM-313 (May 1979).

4. K. G. Turnage et al., Advanced Two-Phase Flow Instrumentation Pro­
gram Quarterly Progress Report for January-March 1979, ORNL/NUREG/ 
TM-331 (September 1979).

5. B. G. Eads et al., Advanced Instrumentation for Reflood Studies 
Program Quarterly Progress Report, Oct. 1—Dec. 31, 1977, NUREG/CR- 
0213 (ORNL/NUREG/TM-202) (September 1978).

6. S. Silverman, Principles of Operation and Data Reduction Techniques 
for the LOFT Drag disc Turbine Transducer, TREE-NUREG-1109, p. 33 
(1977).

7. Izuo Aya, A Model to Calculate Mass Flow Rate and Other Quantities 
of Two-Phase Flow in a Pipe with a Densitometer, a Drag Disk, and a 
Turbine Meter, ORNL/TM-4759 (November 1975).

8. S. Z. Rouhani, "Application of the Turbine Type Flowmeters in the 
Measurements of Steam Quality and Void," Symposium on In-Core In­
strumentation, Oslo, CONF-640607, Paper D-6, p. 3, Institute for 
Atomenergi, Maiden, Norway (1964).



23

NUREG/CR-1092 
ORNL/NUREG/TM-357 
Dist. Category R2

Internal Distribution

1. M. Bender 16. F. R. Mynatt
2. S. K. Combs 17. H. Postma
3. W. B. Cottrell 18. J. L. Rich
4. W. G. Craddick 19. M. J. Roberts
5. C. E. Davis 20. D. G. Thomas
6. I. T. Dudley 21. H. E. Trammell
7. B. G. Eads 22. D. B. Trauger
8. H. L. Falkenberry 23. K. G. Turnage
9. D. K. Felde 24. J. D. White

10. R. C. Hager 25. M. D. White
11. J. E. Hardy 26. ORNL Patent Office
12. M. Herskovitz 27-28. Central Research Library
13. H. W. Hoffman 29. Document Reference Section
14. W. H. Leavell 30-32. Laboratory Records Department
15. R. N. McGill 33. Laboratory Records (RC)

External Distribution

34-41. Director, Divisionl of Reactor Safety Research, Nuclear Regula-
tory Commission, Washington, D. C. 20555

42. Director, Reactor Division, DOE , 0R0
43. Office of Assistant Manager, Energy Research and Development,

DOE, 0R0
44-48. Director, Reactor Safety Research Coordination Office, DOE,

Washington, D.C. 20555
49-50. Technical Information Center, DOE
51-370. Given distribution as shown in Category R2 (10-^ITIS)


