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ABSTRACT

One of the primary variables measured in the Loss-of-Fluid Test (LOFT)
Program is mass flow rate. LOFT uses drag-disc turbine tranducers
(DTT) and a three-beam garrma densitometer to measure parameters from
which mass flow may be computed. The transducer combination was
performance tested under transient conditions in the blowdown loop at
the LOFT Test Support Facility (LTSF). The performance tests consisted
of three partial blowdowns of different durations starting from the
same initial conditions. The reference mean mass flow rate was deter-
mined by measuring the amount of water required to reestablish initial
conditions after each partial blowdown.

The average mass flow rates computed from the output of the drag disc,
turbine, and gamma densitometer were compared to the reference mean
mass flow rates over three blowdown intervals. The tests indicated
that the equal phase velocity mass measurement model provided excellent
results through the use of the turbine and densitometer, and drag disc
and densitometer when the phase velocities were nearly equal.

INTRODUCTION

The hypothesized loss-of-coolant accident (LOCA) involving a double-
ended break of a primary coolant pipe in a pressurized water reactor
(PWR) is the most severe design basis nuclear reactor accident
envisioned^. Loss-of-coolant experiments (LOCE) to investigate
the response of a PWR to this accident are being performed in the
Loss-of-Fluid Test (LOFT) Program conducted by E6&G Idaho, Inc., for
the United States Nuclear Regulatory Commission. The LOFT system is a
scaled down PWR in which experiments are being performed to assess
computer code predictions of reactor behavior during a LOCA and to
evaluate the performance of nuclear reactor safety systems.

One of the primary variables measured during a LOFT-LOCE is mass flow
rate. The difficulties encountered in fluid flow measurements are
compounded in a LOFT-LOCE because the fluid is two-phase (steam and
water) and the blowdown phenomena are highly transient (the flow
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quality, flow regime, and average density vary continuously during a
LOFT blowdown). Further, being designed to represent a PWR, the LOFT
piping geometry is not conducive to easy measurement of mass flow^l.

LOFT uses an array of three free field drag-disc turbine transducers
(DTT) positioned across the diameter of the pipe and a three-beam
gamma densitometer to measure momentum flux, velocity, and fluid
density across the pipe cross section at five positions in the primary
piping. These separate measurements allow mass flow to be computed
using three instrument combinations (drag disc and turbine, drag disc
and densitometer, and turbine and densitometer). The redundancy
provides backup in case of instrument failure and provides for
independent computation of mass flow.

Development and testing of the capabilities of the drag-disc turbine
instrument combination to survive the environment of LOFT and develop-
ment and evaluation of two-phase flow measurement models for computing
the mass flow from the output of this instrument and the gamma densito-
meter are important to the LOFT Program. Improved flow measurement
capabilities will result in improved understanding of LOFT experi-
mental results.

This paper presents the results of the first of a series of tests to
evaluate the performance of a single drag-disc turbine transducer and
three-beam gamna densitometer (DTT-GD) under transient two-phase flow
conditions. The tests were performed in the blowdown loop at the LOFT
Test Support Facility (LTSF) at the Idaho National Engineering
Laboratory. The performance of the DTT-GD was evaluated by comparing
the time integrated mass flow, computed from the output of the DTT-GD,
with the measured discharge from the loop. The theory and the
practice of measuring two-phase mass flow rate are described, the
basis for the tests is discussed, the blowdown loop and the test
instrumentation are described, and the experimental results and
conclusions are presented.

TWO-PHASE MASS FLOW MEASUREMENTS - THEORY AND PRACTICE

The mass flow rate of a two-phase mixture flowing through a pipe is
difficult to measure directly because it is a function of a large
number of variables (average density, density distribution, average
phase velocity, phase velocity distribution, void fraction, and flow
quality). Because measurement of all of these variables is difficult,
the conventional engineering approach is to compute mass flow rate
from a two-phase flow measurement model using parameters that can be
measured directly. The three most frequently measured parameters are
velocity (V), density (p) and momentum flux ( P V 2 ) . Mass flux is
computed from the measured parameters through the use of an equal
phase velocity measurement model. From measured values of V, p and
pV^ at a point, mass flux can be computed using the following
equations. For the case in which density and momentum flux are
comb i ned,

"VlD
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For the case in which momentum flux and velocity are combined,

For the case in which density and velocity are combined,

mDV = PV. (3)

All the difficulties associated with measuring two-phase flow rate
under steady state conditions apply to measuring two-phase flow rate
when transient conditions prevail with the additional uncertainty of
the relationship between steady state flow patterns (flow regimes,
density distribution, phase velocity distribution rate) and transient
flow patterns.

In practice, a small turbine measures local mixture velocity, a gamma
densitometer measures the average density along a narrow beam across
the pipe diameter, and a small drag disc measures drag force which is
proportional to local momentum flux. Depending upon the size of the
transducers relative to the diameter of the pipe and the amount of
spatial detail desired, a number of transducers may be mounted inside
the pipe (and several gamma densitometer detectors may be mounted
around the pipe).

Without additional measurements or information such as a slip
correlation, an equal phase velocity measurement model is the only
model that can be used to compute mass flow rate from a drag disc,
turbine, and gamma densitometer. The main assumptions made in
computing mass flow from turbine, drag disc, and gamma densitometer
outputs through the use of an equal phase velocity measurement model
are:

(1) The velocity measured by the turbine is representative of the
local vapor and liquid phase velocities.

(2) The density distribution computed from the output of the gamma
densitometer is representative of the actual density distribution.

(3) A limited number of free field measurements provide adequate
information on the variation' of parameters (V, pV2) across the
pipe cross section.

BASIS FOR PERFORMANCE TEST

Performance calibrating a DTT-GD under steady state two-phase flow
conditions is difficult because of the unknown phase distribution and
velocities that are difficult if not impossible to measure. A
performance calibration consists of measuring the flow rate of each
phase separately and adding the mass flow rates together to determine
the total mass flow rate. The total mass flow rate is then correlated
with the mass flow rate computed from the output of the instruments
using a two-phase
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mass flow measurement model. The resulting correlation always
contains a great deal of scatter which is the result of unaccounted
variables in the model.

Performance calibrating the DTT-GD under transient conditions (in this
case blowdown conditions) is even more difficult than performance
calibrating under steady state conditions, because of the lack of
adequate reference mass flow rate instrumentation. Advanced
instrumentation, such as true mass flow metert^l for measuring total
mass flow rate and radio tracer techniques^] for measuring phase
velocities, are still under development and have not yet been
evaluated under transient conditions.

The approach taken in this study was to performance test a single DTT
and a three-beam gamma densitometer in the blowdown loop at the LTSF.
The term performance testing is used rather than performance
calibration because no new correlations will be developed. The DTT-GD
and equal phase velocity measurement model were checked against a
reference mass flow measurement. The reference measurement was the
mass of fl'Md required to reestablish initial blowdown conditions
after each blowdown; the measured mass of fluid was compared to the
integrated mass flow computed from the output of the DTT-GD. To
improve resolution as well as to provide an end-to-end check on
measurement accuracy, several partial blowdowns were run, all starting
with the same initial conditions. Each successive partial blowdown
was longer, until the last blowdown was virtually a complete
blowdown. The partial blowdowns allowed the mass discharged for
several time intervals to be computed.

The approach was simple, but designed to provide a fast and effective
test of the DTT-GD and the equal phase velocity two-phase flow
measurement model.

The use of a single DTT was a matter of necessity since the test
section of the loop is too small for more than one DTT. However, a
single DTT mounted in the center of the test section is the simplest
free field configuration and provides the least amount of detail on
velocity and momentum flux distribution across the pipe cross
section. A single DTT in the center of the pipe can be considered a
base line for future tests in larger loops with test sections large
enough for more than one DTT.

DESCRIPTION OF BLOWDOWN LOOP

The blowdown loop used in the performance tests is an experimental
system designed for instrument and component performance testing under
transient conditions. The system has a maximum steady state operating
pressure and temperature of 15.53 MPa and 316°C. The system
consists of three interconnected loops built around a main pressure
vessel. The system contains a pressure vessel; a circulation pump; a
blowdown leg with a test section, a flow control orifice and a
quick-opening blowdown valve; a heat-up loop; two small loops for
heater rod experiments; and a small heat exchanger. The volume of the
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main pressure vessel is 232 liters and the total system volume is 293
liters. Except for two carbon steel reducer spool pieces upstream and
downstream of the blowdown test section, the loop is constructed
entirely of 304/316 stainless steel.

The blowdown line f < om the main pressure vessel to the quick-opening
blowdown valve is shown schematically in Figure 1. The 3-in. Sch. 160
test section is 390 cm long. The DTT is located 338 cm from the
upstream end of the test section, and the three-beam garrma densito-
mtter is 69 cm upstream of the DTT.

The amount of water discharged from the loop was measured using the
modified makeup water system, shown schematically in Figure 2. The
system consists of a storage tank (to hold demineralized water) with a
calibrated sight glass for measuring the water volume, a high pressure
makeup pump for filling the blowdown loop, a catch tank on a weighing
scale for measuring water that is vented and drained during heat-up,
and a small heat exchanger for cooling the drain water.

The makeup water system has been carefully calibrated. The
temperature of the water in the makeup water system is recorded before
and after the blowdown loop is refilled and a temperature correction
is applied to the mass computation. The 2 error associated with
determining the amount of water discharged from the blowdown loop is
+2.35 kg.

DESCRIPTION OF DRAG-DISC TURBINE AND THREE-BEAM GAMMA DENSITOMETER

The modular DTT evaluated in these tests is shown in Figure 3. The
DTT consists of a turbine, a drag disc, and a fluid thermocouple
enclosed in a protective shroud. The design range of the turbine is
2.3 to 45.7 m/s.

The drag disc is supported by a clamped leaf spring and has no
frictional force against deflection. The drag-disc displacement is
sensed by a variable reluctance transducer. The design range of the
drag disc is 2980 to 74 560 kg/ms2.

A three-beam gamma densitometer was installed 69 cm upstream of the
DTT. The densitometer used a cesium-137 source and three Nal crystal
photomultiplier detectors. The beams, as shown in Figure 4, were
oriented to detect the vertical void distribution in the pipe.

TEST PROCEDURES AND INITIAL CONDITIONS

This test series consisted of three partial blowdowns all having the
same initial operating conditions. The first partial blowdown was
12.24 s in duration, the second was 17.41 s, and the third was 35.8 s.

The termination times for the three partial blowdowns were selected to
coincide with significant changes in the characteristics of the
blowdown. The termination times were selected to ensure that the
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integrated mass flow computed from the output of the DTT-GD was
representative of instrument behavior over each of the three time
intervals.

The initial operating conditions for each blowdown were:

Temperature 2320c + 1.5°C
Pressure 4.0 MPa ± 0.1 MPa.

A 3.59-cm sharp edged orifice was used to control the blowdown rate.

After each blowdown, the system was refilled with ambient temperature
water. When the loop was completely filled and pressurized to
operating pressure, the circulation pump and the loop heaters were
turned on to reheat the loop. The greater coefficient of thermal
expansion of water compared to stainless steel required venting of
water to maintain the system at the operating pressure as the
operating loop temperature was reestablished.

TEST RESULTS

The output of the drag disc, turbine, and garrma densitometer are
presented in Figures 5 through 7. Figure 5 is an overlay plot of the
drag-disc output for the three partial blowdowns. Figure 6 is a plot
of the turbine output for Blowdown 3. Figure 7 is an overlay plot of
the densities computed from the output of the three separate gamma
densitometer beams for Blowdown 3.

The figures present representative results and illustrate the
repeatability of the tests. Initial operating temperature and
pressures were reestablished in the three blowdowns to within 1.3°C
and 0.06 MPa. The initial tamperature and pressure variations had no
noticeable effect on the output of the DTT-GD.

Average density and mass flow were computed using standard LOFT data
reduction procedures for a single free field DTT in the center of a
pipe. Average density was calculated from the output of the
three-beam garrma densitometer. The average density is a weighted
average, based on the vertical component of beam length.

P D = 0.372 P A + 0.392 pg + 0.236 pc (4)

where

PQ = average density from gamma densitometer

P^ = density measured by A beam (bottom)

PB = density measured by B beam (middle)

PC = density measured by C beam (top)
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Mass flow for the three instrument combinations was computed through
the use of Equations (1), (2), (3), and (4) multiplied by the internal
cross-sectional area of the test section.

The method of computing the net amount of water discharged during a
blowdown based on the refill and heat-up operation can be summarized
as follows.

W = w _ w - W (5)

where

WT

"0

WL

net loss of water during blowdown

Water pumped into the loop from the storage tank to
reestablish until pressure

Water drained from the loop during the process of
establishing operating temperature conditions

Makeup pump leakage (a negligible quantity).

Figure 8 shows mass flow versus time for each instrument combination
for Blowdown 3. The overlay plot illustrates close agreement between
the three methods of computing mass flow.

The computed mass flow for each instrument combination was digitally
integrated for each blowdown. The integrated mass flow for each time
interval (0 - 12.24 s, 12.24 - 17.41 s, 17.41 - 35.8 s) was then
computed. The results-are summarized in Table I along with the
measured discharge and percent difference between measured discharge
and integrated mass flow.

To evaluate measurement accuracy in terms of a meaningful quantity
(such as instrument range), the reference mean and computed average
mass flow rate for each time interval was computed. The average mass
flow rates were computed by dividing the measured discharge or
integrated mass flow by the appropriate time interval. The measure-
ment error for each instrument combination for each time interval was
expressed in terms of percent of maximum computed average mass flow
rate (16.83 kg/s). The average mass flow rates and percent error are
presented in Table I.

DISCUSSION OF RESULTS

During the first time interval 0 to 12 s, the drag-disc output rises
very quickly to a maximum of 30,000 kg/m-s^ (Figure 5) and
decreases gradually during the interval. The turbine output initially
rises to approximately 10 m/s and decreases gradually to about 8 m/s
(Figure 6 ) . The average density as indicated by the middle beam of
the gamma densitometer (Figure 7) drops initially to approximately 600
kg/nw and decreases slightly during the interval. Stratified flow is
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indicated by the top and bottom beams of the gamma densitometer. The
densitometer beam outputs suggest dispersed bubble flow which is
constant with the flow regime map by Govier and Aziz^J, shown in
Figure 9.

The comparisons with the reference measurements presented in Table I
show that the turbine and gamma densitometer yielded results that were
almost within the accuracy of the reference measurements. The drag
disc and densitometer results were 6.3% higher than the reference, and
the drag disc and turbine results were 13% higher than the reference.
There does not seem to be any consistency in the differences. If the
densitometer and turbine were as accurate as the mass flow computed
from their output implied, the other two mass flow computations would
have been closer because their error would depend primarily upon the
drag-disc output.

During the second interval, a 12- to 17-s transition period, the
average density decreases rapidly as the liquid level in the pressure
vessel drops below the level of the blowdown line. The flow cnanges
from predominantly liquid to predominantly steam. The drag-disc
output continues to decrease while the velocity inaicated by the
turbine output increases to nearly its maximum range. The irregular
turbine and drag-disc output during this time interval is caused by
discontinuous slugs of water that move slower than the steam. The
alternately high-low turbine velocities indicate unequal phase
velocity. The probable transition from bubbly flow to slug is again
consistent with the behavior that would be predicted for the flow
regime map of Govier and Aziz.

The comparisons with the reference measurements in Table I show that
during the second interval all the computed mass flow rates are lower
than the reference mass flow rates. These lower computed values can
be explained in terms of a systematic error associated with insuf-
ficient measurements and an incomplete two-phase flow measurement
model.

During the third interval 17 to 36 s, the flow is predominantly
steam. Drag-disc and densitometer outputs are very low. The turbine
output, on the one hand, is high and irregular as slugs of water slow
it periodically. For approximately 5 s, the turbine output was off
scale because of a saturated amplifier.

During this interval, all of the computed mass flow rates were high
with the drag disc and densitometer producing the best results.
However, the difference between the drag disc-densitometer combination
and the reference measurement was almost within the measurement
accuracy of the reference measurements.

CONCLUSIONS

The test procedure for evaluating the performance of the DTT-GD was
simple, but in a v&ry short time tested the individual instruments
over most of their design ranges. The test program is ongoing and the
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tests reported were the most severe planned. Future tests will be run
over a wider range of test parameters (pipe and orifice diameter) to
determine the effects of biowdown rate and test section diameter on
instrument performance. The tests did provide valuable and accurate
data from which the following conclusions may be made.

(1) The equal phase velocity two-phase flow measurement model pro-
vided the best results with the turbine and densitometer and the
drag disc and densitometer when the phase velocities were nearly
equal as they were during the first interval.

(2) When the flow was discontinuous and separated and phase
velocities were unequal, the DTT-GD and the equal phase velocity
two-phase flow measurement model provided inconsistent results.

REFERENCES

1. L. 0. Ybarrondo et al, "The 'Calculated' Loss-of-Coolant Accident:
A Review," AIChE Monograph Series, 7_ (1972).

2. D. L. Reeder, LOFT System and Test Description, NUREG/CR-0247,
TREE-1208, FG&G Idaho, Inc. (July 1978).

3. R. Loeffel et al, "Entwicklung von Verfahren zur
Massenstrommessung Instationaerer Zweiphasenstromungen," KFK
Nachrichten H.3 (1975) pp 22-30.

4. R. Loeffel, Durchfluss Messung Mit Radiotracern, VDI-Bericht Nr.
254 (1976).

5. G. W. Govier, and K. Aziz, The Flow of Complex Mixtures in Pipes,
New York: Van Norstrand Reinhold Company, 1972, pp 792.

CLN



TABLE I

Blowdown

1

2

3

Time
Interval

(s)

0 - 12.24

12.24 - 17.41

17.41 - 35.80

Time
Interval

(s)

0 - 12.24

12.24 - 17.41

17.41 - 35.8

Blowdown Water
Duration Discharged

(s) (kq)

0 - 12.24 205.9 + 2.

0 - 17.41 244.3 + 2.

0 - 35.80 259.0 + 2.

Water
Discharged

(kg)

205.9 + 2.4

38.4 + 3.4

14.7 + 3.4

Average
Water

Discharge/Rate
(kg/s)

16.83 + 0.28

7.43 + 0.66

0.80 + 0.18

SUMMARY OF RESULTS

Turbine
1 Densitometer

(kq)

4 208.4 (+1.2%)[a]

4 237 (-3%)

4 267 (+3.1%)

Turbine
Densitometer
Integrated

Mass
(kq)

208.4 (+1.2%)

28.6 (-25.5%)

30 (+104%)fb]

Turbine
Densitometer
Average

Mass Flow Rate
(kq/s)

17.03 (+1.2%)[cl

5.53 (-11.3%)

1.63 (+4.9%)

[a] Error relative to water discharged during blowdown.
[b] Turbine electronics over range during this interval.
lei Error relative to maximum measured mass flow rate.

Drag-Disc
Densitometer

(kg)

218.8 (+6.3%)

247.2 (+0.8%)

266.4 (+2.9%)

Drag-Disc
Densitometer
Integrated

Mass
(kq)

218.8 (+6.3%)

28.4 (-26%)

19.2 (+31%)

Drag-Disc
Densitometer

Average
Mass Flow Rate

(kq/s)

17.88 (+6.3%)

5.49 (-11.5%)

1.04 (+1.4%)

Drag-Disc
Turbine
(kq)

232.7 (+13%)

265.5 (+8.7%)

290.6 (+12.2%)

Drag-Disc
Turbine
Integrated

Mass
(kq)

232.7 (+13%)

32.8 (-14.6%)

57.9 '(+293%)[bJ

Drag-Disc
Turbine
Average

Mass Flow Rate
(kq/s)

19.01 (+13%)

6.34 (-6,5%)

3.15 (+13.9%)
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Fig. 1 Cross section of the test section and pressure vessel of the blowdown loop.
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Fig. 3 Drag-disc turbine transducer.
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Fig. 4 Beam configuration of three-beam gamma densitometer.
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Fig. 5 Drag-disc output for three partial blowdowns.
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Fig. 6 Turbine output for the third blowdown.
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Fig. 7 Density measured by the three beams of the densitometer.
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Fig. 8 Mass flow rates computed from the output of the drag-disc turbine transducer and gamma densitometer
for the third partial blowdown.
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Fig. 9 Govier and Aziz flow regime map.


