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ABSTRACT

The use of full-flow drag devices and rakes of
water-cooled Pitot tubes to measure the transient
two-phase mass flow during loss-of-coolant experi-
ments in pressurized water reactor (PWR) environ-
ments has been developed. Mass flow rate measure-
ments have been obtained in high temperature and
pressure environments, similar to PWRs, under
transient conditions. Comparisons of the measured
tine integrated value of mass flow to the known
system cass before depressurization are made.

INTRODUCTION

Mass flow measurements, used in pressurized water
reactor loss-of-coolant experiments (LOCEs), pro-
vide i- ormation for assessing computer code pre-
dicti .s of postulated loss-of-coolant accidents.
For '.nese LOCEs, instrumentation must measure the
mass flow rate o£ an inhomogeneous mixture of
steam and liquid water under transient flow condi-
tions. Transducers placed in the fluid must sur-
vive a corrosive high temperature (561 K ) , high
pressure (15.5 MPa) environment; and since the
phenomena beir.15 observed are rapidly changing,
these transducers must have response times of
about 10 ms.

This paper reports the results of a development
program and subsequent steam-water testing of two
promising measurement techniques undertaken for
the Loss-of-Fluid Test (LOFT) Experimental Program
by EG&G Idaho, Inc., at the Idaho National Engi-
neering Laboratory (INEL). The two techniques
are a full-flow drag devi :e and a rake of Pitot
tubes. Both devices measure momentum flux which
is subsequently combined with the density measured
by a gamma densitometer to obtain mass flow rate.
Both techniques have been extensively evaluated
in steady state air wafer f l o w s ^ * ^ . Similar
Pitot tube results have also been obtained Ln
steady state steam-water flows using slightly
different configurations and a simpler method of
analyzing the data'^'.

MEASUREMENT CONSIDERATIONS

A number of factors must be taken into considera-
tion to obtain a successful mass flow measurement.
The effect of gravity in horizontal piping is to

create a density profile, in which the denser
liquid tends to reside on the bottom of the pipe.
This density profile coupled with an axial pres-
sure gradient and wall friction causes differences
in velocity over the pipe cross-section and
locally between phases to develop. Furthermore
redirection of flow by complicated pressurized
water reactor components (piping bends, steam
generators, and nozzles) also distorts the flow
field. To obtain the mass flow rate, the differ-
ences in local density and velocity over the pipe
cross-section must be correctly taken into
account. The primary objective of the development
program was to develop measurement techniques
independent of profile effects.

Two techniques using the drag device and a rake
of Pitot tubes were considered; each technique
approached the problem differently. The drag
device relias on the averaging properties of the
plate to remove any dependence on momentum flux
profile, HJ-'.-eas the Pitot tube rake defines this
profile rod then accounts for it by integration
over the pipe cross-section. The drag device,
with integral spring element, is shown in Fig-
ure 1. rhe Pitot tube rake, surrounded by a water
cooling jacket which keeps the fluid in the indi-
vidual tubes subcoolea during system depressuriza-
tio.:i, is shown in Figure 2.

TEST FACILITY

The blowdown loop in LOFT Test Support Facility
(LTSF) is a small-scale blowdown assembly designed
for experimental investigation of measurement and
component response in an anticipated pressurized
water reactor (PWR) transient environment. An
isometric view of the facility appears in Fig-
ure 3, with the instrument spool piece location
indicated. The main pressure vessel is con-
structed of 16-in. Schedule 160, 316 stainless
steel pipe. The vessel has a volume of approxi-
mately 0.28 m-*. The circulating pump is a
volute-type centrifugal pump rated for a nominal
flow of 0.011 m3/s at a total head of 60 m of
water. Heat input is from two heater rods and
the pump work.

For this experiment, the facility operating tem-
perature and pressure were 503 K and 10.34 MPa.
The general modo of operation was to bring the
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facility up to temperature and pressure through
pump work and auxiliary heaters and then Co con-
duct a series of partial blowdowns, followed by a
complete blowdown. The mass expelled during blow-
down was obtained by measuring the mass required
to refill the system after each blowdown.

To obtain transient blowdown conditions, the quick
opening blowdown valve (QOBV) on the end of the
blowdown leg was activated. With the appropriate
system valves opened or closed, both partial and
complete blowdowns were conducted. In a complete
blowdown, the entire system was vented to the
atmosphere. In a partial blowdown, the pressure
vessel was valved out of the system and only the
piping was blown down.

The output of all transducers was recorded digi-
tally on magnetic tape by the facility data acqui-
sition system. The sample rate for all channels
was 50 samples per second.

INSTRUMENTATION

The test section consisted of a 3-in. Schedule 160
pipe approximately 1 m long into which the drag
device and the Pitoc tube rake are inserted
through a tee. Since the blowdown leg of the
blowdown facility is a 5-in. Schedule 160 pipe,
concentric reducers were inserted upstream and
dcwnstream of the test section. A three-beam
gamma densitometer using a 30-Curie, Cesium-137
source is located approximately three pipe diam-
eters upstream of the drag screen. The gamma
densitometer geometry is shown in Figure 4.

The drag device, which spans the entire cross-
section, is of the perforated plate variety and
was shown in Figure 1. The plate and cantilevered
spring were fabricated in ore piece from
Inconel X-750. The transducer assembly is shown
in greater detail in Figure 5. The spring is
mounted perpendicular to the assumed axis of sym-
metry, the Y-axis, to eliminate lever arm errors
due to fluid stratification. A spring stop is
positioned such that the effective length of the
spring is changed after half the spring displace-
ment is obtained which increases the slope of the
calibration curve by a factor of approximately
two as shown in Figure 6, The nonlinear charac-
teristics of the curve provide sufficient sensi-
tivity to make a good low flow measurement with
sufficient range for high flow rates. The addi-
tional noniinearity is from the eddy current dis-
placement transducer which measures the spring
displacement. The measured natural frequency of
the drag screen is 63 Hz in air with a damping
ratio of t ' 0.005 and 55 H:: in water with a damp-
ing ratio of (= 0.009.

An absolute pressure transducer and a 1.57-mm
grounded junction, Type- K thermocouple were also
provided in the test spool, so that fluid densi-
ties could be obtained during the subcooled por-
tion of blowdown. Thereafter, only the absolute
pressure transducer was used.

The Pitot tube rake (Figure 2) was inserted
through the sane penetration used previously by
the drag screen. The differential pressure trans-
ducers were located approximately 70 cm from the

tube tips. The individual Pitot tubes were fabri-
cated from 1/8-ln. stainless steel tubing and
were referenced to a common static pressure tap
3,8 mm in diameter in the pipe wall. The pressure
transducers used were Validyne DP15TL, with a
range of 0 to 35 kPa.

ANALYTICAL MODELS

To obtain a mass flow rate from either the drag
plate or the Pitot tube rake, an independent mea-
surement of either density or velocity is
required. At this time, the mass flow rate can
be calculated more accurately and conveniently
from the combination of density and momentum flux
from either of the two devices. The density is
obtained from a three-beam gamma densitometer
through the use of a suitable model.

Gamma Densitometer Model

A method of determining density profiles from the
separate beams of a three-beam gamma densitometer
has been developed at the INEL by Lassahn(6).
Briefly, the method is as follows. Density is
assumed to vary only in the vertical direction
over the portion of the pipe traversed by the
beams. A density distribution of tha form:

p(Y) = p*
1 + e-4a(Y-b)

(1)

is assumed, where a end b are unknown coeffi-
cients, p is the local density, and 0^ and Pg
are the gas and liquid densities, respectively.
Performing the integral with respect to Y over
the vertical distance traversed by each gamma
beam and equating the results, respectively, to
each of the beam readings yield a system of equa-
tions. The unknown coefficients are then found
by applying the method of least squares and a
numerical iterative technique.

The profile provides information on local density;
with the proper surface integral applied, the
area average density over any region within the
pipe is obtained.

The solution technique described does not always
converge during the reduction of blowdown data,
or it converges but the fit is poor. Particular
difficulties are encountered for homogeneous
flows, such as the subcooled portion of blowdown
snd the region of all steam flow which occurs
near the end of blowdcwn. For these cases, the
model used represpnts a uniform density distribu-
tion. Flows which appear to be annular in density
distribution also gave rise to problems. For
these flows, an axially symmetric void fraction
distributions of the form:

= 1 - (F) (2)

are chosen, where R is the pipe radius and r is
the radial coordinate. The model assumes a void
fraction of unity, or all steam at the pipe center
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and a void fraction of zero, or a film of water
at the pipe wall. The void fraction varies con-
tinuousl> between the wall and pipe center. The
coefficient n is unknown and governs the shape of
the curve. The value of n is determined from the
beam readings of the gamma densitometer.

Drag Screen Mass Flow Model

The drag screen is assumed to measure the total
momentum flux and exhibit a constant drag coeffi-
cient for two-phase flow defined by:

F/A,
CD =

1/2 (cpg <ug>
(3)

1 - in P— , _ —»
a [ap < u

a
> + U - <*J

(6)

where:
m = mass flow rate calculated

m = mass flow rate, actual

which may be rewritten as:

1 m . 1 [a + (1 - a)<l7

+ (1 - I ) K ] 1 / 2

where: where:

i // u dA,

pipe cross-sectional area

A. = frontal area

u = time average local density

a = global void fraction

p = liquid density

p = gas density

F = measured force on the drag element.

The calculation of mass flow was accomplished by
deducing the force on the screen from the output
and known calibration curve, then calculating the
momentum flux per unit area from:

«Pg <"g>
.2 , (4)

When Equation (4) is combined with the average
density, the mass flow rate is obtained from:

m = [apg + (1 - o)
2F

AfCD
(5)

The expression is correct only for the case of
flat velocity and void fraction profiles, with no
slip between the phases.

The error for separated flow is a function of
slip ratio, void fraction, and density ratio.
The error introduced by this combination is negli-
gible for most flow systems because, with the
exception of the lowest mass flow rates, the sys-
tem is liquid dominated. Therefore, the gas and
gas-liquid cross-product terms may be neglected.

An estimate of the error involved in using the
model appears in Figures 7 through 9. The error
estimate is defined by:

K = density ratio = p /p

For a partial blowdown the density ratio, P̂ /P ,
typically varies befween 100 and 300. For a com-
plete blowdown, the density ratio varies between
25 and 300. As the density ratio increases, the
error for a given void fraction and slip ratio
decreases. Near the beginning of blowdown, the
density ratio is low, but since the flow regime
is homogeneous and differences in phase velocities
require finite time to develop, the slip ratio is
also low. Thus, the error near the beginning of
blowdown is expected to be no worse than near the
end of blowdown when the density ratio and slip
ratio are high and the flow regime stratified.
For a typical blowdown, the mass flow error intro-
duced by the model should be no greater than 10%.

Pitot Tube Model Mass Flow Model

The differential pressure measured by the Pitot
tubes has been shown by Anderson and
Mantzouranist7) to be given by:

(8)

where:
u a the local time average component velocity

f = the local residence time fraction of the
continuous component

c = the continuous component

e = the entrained component.

Beta is a momentum transfer factor; S = 0.5 if
the entrained component follows the streamlines
of the continuous component around the Pitot
tubes. If the entrained component is brought to
rest by the Pitot tube and leaves at a right angle
to the direction of flow, 8 = 1.0.

If the entrained component is a small air bubble,
the bubble will tend to follow the streamlines
around the probe. Thus for locations in which
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the continuous component is water: Y « 1 - o,
Pc • (>i and S « 0.5. For locations in which the
continuous component is air, the entrained drop-
lets of water will tend to strike the probe
because of their greater momentum. For this case
S Pg and B » 1.0.

Originally, a value of a = 0.7 was used to deter-
mine the break point between air and water as the
continuous phases. A local value of void fraction
equal to 0.9, based on later measurements, is
more realistic. For values of a < 0.9, the con-
tinuous phase is assumed Co be water; for values
of a _> 0.9, the continuous phase is air.

If the assumption of no local slip, u e • u c * u
between the components is made, Equation (8) can
be solved for velocity:

u = [AP/ (\ Y pc + 6(1 - Y) Pe]
1/2 (9)

where Y is determined from the gamma densitometer.
For void fractions less than 0.9, Equation (9)
reduces to:

U - [2AP/ (apn + (1 - -|1/Z (10)

For void fractions greater than 0.9, the contribu-
tion by the liquid portion of the flow is weighted
differently. The use of P = 1/2 with the assump-
tion of no local slip(8' gave better agreement
than the use of S = 1 when compared with the input
gas mass flow rate. Since the mass flow rate of
liquid was measured directly, by capture, no com-
parison with the total mass flow fate by the
method used here can be made.

In the steady state air-water experiments ".on-
duct?d(*), the use of 8 • 1 and the assumption
of no local slip for void fractions greater than
0.7 lad to large discrepancies in the mass flow
rate of gas but overall gavs slightly better
results for the liquid dominated total mass flow
rate.

Once the velocity profile along the vertical diam-
eter is known, the total mass and momentum flow
rates can be readily calculated. To perform this
calculation, the velocity profile is assumed to
behave like a fully turbulent profile near the
pipe wall. The integrals are:

1
* = //o(Y)v(Y)O - £) 7 dX dY (11]

[X2 + (Y - R) 2] 2.

RESULTS OF TESTING

The transient flow characteristics of a typical
blowdown can be observed in Figures 10 through
13. (The blowdown was initiated at 0.12 second.)
Figure 10 details the average density calculated
from the gamma densitometer beam readings versus
time. Examination of Figure 10 shows an initial
period of near homogeneity lasting for about
5 seconds; then a period of slugging, or large
amplitude waves, lasting for the next 20 seconds;
and finally a period of low frequency, wavey
stratified flow, ending in all-steam. The static
pressure appears in Figure 11. Subcooled blowdown
lasted approximately 50 ms. The calculated momen-
tum flux obtained from the drag screen (using
C D equals 1.615) appears in Figure 12. The
momentum flux history exhibits basically the same
flow regime phenomena as evidenced by the gamma
densitometer. The. calculated mass flow from the
drag plate and densitometer combination is con-
tained in Figure 13.

The results of integrating the mass flow rate
over the duration o£ the test for the four partial
blowdowns and one complete blowdown conducted on
the drag screen appear in Table I.

TABLE I

TIME INTEGRATED MASS FLOW MEASUREMENT ERROR FOR
FULL-FLOW DRAG SCREEN

Blowdown
Configuration

Partial
Partial
Partial
Partial
Complete

Error (%)

-7.7
-8.8
-7.4

-10.4
-6.0

H = -y J7p(Y) / (Y)(l - £)' dX dY (12)

Although the data are not presented here, the
differential pressure transdrcer across the drag
plate showed a significant pressure drop through-
out the test. This pressure drop was consistent
in magnitude with the measured force on the
screen, indicating t>at the device was not
cavitating.

The mean value of mass flow error defined by:

where;
- fo7

K.
- R - Y for Y < R

« Y - R for Y < R

7 _ 1
N

. r Vas__,

= 1 "initial
(13)

for the five blowdowns is equal to 0.92 and the
standard deviation defined by:
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[ n tneas

""initial

1/2

(14)

is equal to 0.014. The two-sigma value is there-
fore 0.028.

Although the drag plate and Pitot tube test
results are not directly comparable on a point-
by-point basis due to slight differences in piping
geometry and initial conditions, the transient
flow characteristics are similar.

The blowdown histories for the Pitot tube test
appear in Figures 14 through 16; the blowdown was
initiated at time equal zero. T*e static pressure
was similar to that shown in Figure 11 and is not
reproduced here. The average density calculated
from the gamma densitometer beam readings is shown
in Figure 14. The total momentum flux obtained
from Equation (12) is shown in Figure 15 and the
mass flow rate is shown in Figure 16.

The results of integrating over the duration of
the test for three partial and two complete blow-
downs appear in Table £1. The mean value defined
by Equation (13) is 0.944 and the two-sigma value
is 0.01.

TABLE II

TIME INTEGRATED MASS FLOW MEASUREMENT ERROR FOR
PITOT TUBE RAKE

Blowdown
Configuration

Complete
Partial
Partial
Partial
Complete

CONCLUSIONS

Error {%)

-7.0
-5.0
-4.5
-4.5
-7.0
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Both the full-flow drag device and Pitot tube
rake have been shown to provide an excellent mass
flow measurement for transient two-phase flows.
The Pitot: tube is quite simple and the actual
transducer may be placed away frcm the harsh envi-
ronment whereas the drag screen requires that the
transducer be contained within the pipe. For
similar measurement locations where the momentum
flux profiles are not too skewed, the performance
of the devices is comparable. The Pitot tube
rake obtains more information about flow structure
and thus, severely deformed profiles may be
resolved. For measurement locations downstream
of complicated geometry, a two-dimensional array
of Pitot tubes or a drag screen force sensing
system which is not prone to profile errors 9hould
be used.
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"Figure 1 - Multiholed drag plate."
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"Figure 2 - Water-cooled Pitot tube rake."
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"Figure 6 - Typical force calibration curve."
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"Figure 12 - Momentum flux calculated from drag
screen."
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"Figure 15 - Total momentum flux."
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"Figure 16 - Mass flow rate."
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