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ABSTRACT ing, it was necessary to select nonintrusive instruments for most of
the flow measurements. The primary flow measurement instruments

Calibration of transit-time and Doppler ultrasonic flowmeters used duringthis testwere ultrasonic flowmeters, of the"transit-time"
under two-component flow conditions has been conducted on 400 and "Doppler" types. The majority of the flowmeters were placed on
mm (16.in.) pipe. Testing covered total flows of 0.19 to 1.89 mS/s 400 mm (16-in.) stainless steel piping in the primary recirculation
(3,000 to 30,000 gpm) andvoid fractions up to 40_. Both flowmeter loops of the reactor.
types accurately measured total volumetric flow over a portion of
their ranges. Pipe average void fraction, based on a three-beam The ultrasonic flowmeters supplied were originally designed
gamma densitometer,was used to determinewatercomponent flow for use in single-component, single-phase fluids, althoughthemanu-
understratifiedflow conditions, with similarresults, facturer(Controlotron Corp.)indicated that theywere somewhattel.

erant of "aeration". Based on manufacturer's informationandexpe-
SUMMARY rience with an earlier version of these meters, the test teamdecided to

use both types of flowmeters inan attempt to measure air/waterflows
A series of two-component flow calibrations was performed on in the reactor piping.

nonintrusive, ultrasonic flowmeters mounted on large diameter pip-
ing. Thirteen ultrasonic flog'meters were calibrated. Agreement be- Wyle Laboratories performed calibration testing in their large,
tween flovcmeteroutputand total volurnetri¢flow was generallyvery high flow test facilities with two-component flow capabilities. Both
good, with the following comments: (I) Doppler ultrasonic flow- single-component and two-component calibration tests were per-
meters correctly predicted flow over the entire void fraction range formed. However, only results from the two-component tests will be
tested up to approximately0.76 mS/s (12,000 gpm) total volumetric reported here.
flow. They underpredicted flow when it was above approximately
0.76 m3/s. (2) The transit-time ultrasonic flowmeters were not ex- TEST FACILITY
pcctcd to provide two-component flow results. However, they per-
formed well at flows up to 0.47 mS/s(7,500 gpm) when thevoid frac. Pivin_ Arran_emem
tion was below 20%. (3) Caremust be exercised to eliminate "drop
outs" from the data of both types of ultrasonic flowmeters. The Wyle facility is designed to accommodate long s_'aight test

sections of various sizes, up to 30 m (100 ft) in length. The current
Comparisons were also made of actual waterflow (during two- test programused test sections constructed of 400 mm (16-in.) and

component tests) to water flow based on the flowmeters and void 600 mm(24-in.) piping. Auxiliary tanks provide waterand gas to the
fraction derived from a three.beam gamma densitometer. Generally test section, and receive the effluent flow. Figure 1 is a schematic
good agreement was obtained over thesameranges of flows asfor the diagram of the piping arrangement used for these tests. Water is
total flow results, driven from the water tank under nearly constant head by air sup-

plied, through a regulating valve, from a large air tank. Valve CV-1,
INTRODUCTION located near the water tank exit, is provided for water flow control.

Fortwo-component flow tests, nitrogen gas is injected throughaspe-
Simulated loss of coolant accident (LOCA) tests were per- cially designed cross into the 600 mm waterpipe. The gas injection

formed in the SRS L Reactorduringthesummer of 1989 (Menna and cross consistedof two 75 mm (3-in.) pipes, each of which contains46
Whitehouse, 1990). The purpose of these tests _wasto provide hy- 6 mm (1/4-in.) diameter holes facing downstream.
draulic data from an SRS productionreactor for normal and offnor-
real conditions. These data have been used to benchmark computer During testing, the wateror gas/water mixture flows througha
codes which will be used to determine reactor power limits. Due to pipe reducerinto a30 m (99-ft) length of 400 mm pipe where the SRS
severe limitations on direct access to the flow inside the reactorpip- flowmeters are located. The fluid then passes through a 400 mm x
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600 mm pipe expansion fitting and valve CV-2 before it enters the ured to within 4-0,03 s. To ensure that the flow is constant during the
receiver tank. Ali test section piping is the same size and wall thick- calibration interval (i.e. when the water level is between the level
hess as that used in L Reactor, In addition, ali piping upon which ul- sensors), a differential pressure instrument was added. The maxi-
trasonic flowmeters are mounted is 304 stainless steel, Two view mum uncertainty for water flow is 4-0.34% or 4. 0,006 m3/s (+ 100
ports are located near the end of the test section, g-pm).

INSTRUMENTATION Gas (nitrogen) flow is determined by measuring the pressure
and temperature of compressed gas upstream of a group of five sonic

Flowmeter Instruments nozzles (Figure 2), These nozzles, of various sizes, were calibrated
before the tests todetermine their discharge coefficients. Any one of

Two types of ultrasonic flowmeters were calibrated, transit- th_ nozzles, or a combination of up to five, is selected for a given
time and Doppler. The operation of the transit-time flowmeter is flow. The upstream pressure is adjusted so that the nozzle(s) will cp-
basedon the time-of-flight principle. Two transducers are placed on crate in a choked flow regime. Upstream pressures are selected so
the outside of the pipe, 180 degrees apartand axially displaced, An that the pressure drop across the nozzle(s) is adequate to ensure
ultrasonic signal is alternately transmitted between the transducers choked flow. The maximum uncertainty for gas flow is ± 0.85% or ±
so that it travels with and against the flow. Average velocity of the 0.003 m3/s (4. 44 gpm),
fluid through which thepulses travel is calculatedfrom thedifference _ _
in time required for the pulses to travel the path between the
transducers, Average velocity is then multiplied by the internalpipe --...-
area and reported as flow. The transducers are maintaineda fixed Ai, ware,
distance apart by mounting tracks, Due to the large difference in r.._ T.nk
sonic impedance between water and air, the ultrasonic beam is un- , ,..
able to penetratethe gas component. The meter is somewhat tolerant "' ''') ....... .. L,._ s°nao,Callb.

of signal loss caused by gas bubbles, However, interruptionsof the vo_. 30 m (sg.foot) TestSectionContaining
6 Transit-Time end 7 Doppler US Flowmeters

signal greater than about one second will cause the meter to drop out ,,':0";'. /
and report zero flow. ...... ,t- t.evel Senaor / View

Pcr\l CV- 2
N21Weter

Mixer

Six transit-time flowmeters were calibrated. All were mounted ,...,. --'lxI-l_=-_ _'- p_-b<1"3_7..."_so that their beams traveled in a horizontal plane, through thecenter t- .., --_ _ \ ,oomm(l*-_n,,)PI
ofthepipe. The range ot me flowmeters was 0 to 18m/s (0 to 60 ft/s), _ _ c_, _k =..cre oamm, _

which corresponds to 0 to 2.1 m_/s in 400 mmptpe (0 to 33,000 gpm Choked Orlflce"_ -"_'-r-" __c_ometer Lo_
(1 of s) ..in16-in.pipe). / rN_''T:'nk'_ T -n,

114 MPc _ 600 mm
The second type of ultrasonic flowmeters tested use the Dop- _,._ooopal)j p Reducing (24.Inch)Pipe

pler principle of the frequency shift of reflected sound waves off Vat,.
moving objects. Two transducers are placed on the outside of the
pipe;one serves asa transmitter,the other as areceiver. Ultrasoundis Figure 1. Nitrogen - Water Flow Calibration Loop
transmitted into the fluid resulting in reflections from moving pard- at Wyle Laboratory (Norco, CA)
cles (such as airbubbles) or gas/water interfaces. The receiver signal
is analyzed using fast fourier transformation _T) techniques to re-
solve the signal into its frequency components, which aredirectly re- eRESSURr
lated to the velocity of the moving reflectors. The mean value of the NITRflGENSUNICNUZZLEARRAY CflNTROL
resulting spectrum of velocities, correctedfor flow profile, is theav- ,o, THROATILIA, 1 _ --NITROGEN• GAS
erage velocity. This velocity is multiplied by the internal pipe area t 0.s170, e
and reported as flow. e 0.a656.3 0,2USe' --PLENUH

4 0,1828" P,T
5 0,1293'

SevenDoppler flowmeters were calibrated,The transducers
for each instrument were mounted in the same axial planeof the pipe
at various locations aroundthe circumference of the pipe. Relative
transducer location is much less critical for Doppler flowmetere,
However, an effort was made to piace ':hetransducers on the pipe in
the same orientation as used for the L Reactor tests. The rangeof the GN2/Hefl ---- VATr'R

Doppler flowmeters was 0 to 12 m/s (0 to 40 ft/s), whichcorresponds "N

to 0 to 1.4 mVs in 400 mm pi_ (0 to 22,000 gpm in 16-in. pipe). _ TEST SECTIflN INLET NITRflGE FACILITY PIPING _.\
, INJECTION _ @4' PIPE

16" OR 24' PIPE MANIFOLD

FacllityInstruments
Figure 2. Gas Flow Nozzles and Injection System

Instrumentation was provided for the measurement of fluid
pressure, differential pressure, fluid temperature, water flow, gas One three-beam gamma densitometer was used for each of the
flow, and control valve position, test series. The units used were designed and fabricated by the Idaho

National Engineering Laboratory (INEL), and were the same units
Average water flow was based on the time required for the level used during the L Reactor tests. Their principle of operation is cov-

in the water tank to drop between two level sensors (Figure 1). The ered in detail elsewhere (Meyer and Averill, 1990).
volume between the two sensors was calibrated before the tests. The

time taken for the level to drop through the calibrated volume ranged Additional data acquired during testing included video images
from 10 to 130 s, depending un water flow required, and was meas- of the flow made through ports near the end of the test section.
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Data Acquisition and Re_luetion were located on the pipe such that theirbeams bisected the middle of
the pipe horizontally. Under stratifiedflow conditions (in the range

Data were acquired by an HP-9000 at 30 samples per second, of void fractions tested) most of the airwill be above the beam path,
The raw datafile for each test was written to a writeonce read many allowing the flowmeter to operate. Underdispersed or bubbly flow
(WORM) optical disk, then taken to INEL and SRS for post-test conditions, more air will be present in the beam path, potentially
processing. At SRS a data extraction and reduction program was causingthe flowmeter to drop out or fauh. Underfaultconditions the
used to extract a minimum of 100 datapoints from each test for the meterwill reportzero flow. Visual observationsconfirm_ stratified
time interval that the water level took to pass through the calibrated flow for those tests where the transit-time meters correctly reported
volume. The program averaged the data and reported the mean, flow.
minimum, maximum, and standarddeviation of the data, Data for

each flowmeter was collated for ali the appropriate tests of a given rr _ _m,_,)
void fraction range and plotted. 0.5 vo_F,,o,_o,

, i_ __.,

Test Matrix

0,4 .. 11.._ • 1,3%.5,1%
..'" ' c_ 7.5%.t0,3%The test matrix covered 0.19 to 1.89 m'/s (3,000 to 30,000 gpm) /

total volumetric flow and 0% to 40% void fraction, Thirty-five test 0.., ......, //"..,. y.. • 13.5,,.,.3,,matrix points were planned. A test acceptance criteria of+ 0.06 m3/s . / o ,5.,,,.20.3_.

(+ 1,000 gpm) and 5:2% void was set, To meet this requirement, it ,¢/'f ..... , ,.,,,
was sometimes necessary to repeat tests two or three times, As a re- o._ ."""

--" y-Jt

sult, over 60 tests were performed which covered all of the original ......... .o.o5m,3,,
conditions plus many intermediate combinations of flow and void 0., ."_"ii_' •......... o._m,3,,

fraction, ."_...... ....'
/ ....

TEST RESULTS o .-
A

OA 0J 0,3 0,4 0,5

ACtUal TOlel Flow (m*3/_}

Data from 40 two-component flow tests were extracted andav-
eraged in the mannerjust described,Flow rangedfrom 0.167 to Figure 3. Ultrasonic Transit-Time 110 (avg)
2,136 m3/s(2,641 to 33,858 gpm)total volumetricflow. Void frac-
tions(calculatedastheratioofgasflow to totalflow) _.-._'gedfrom1,3 vs Total Volumetric Flow
to 37.8%. Average flow values for the flowmeters are plotted versus
total average volumetric flow (sum of gas and water flow), Different
symbols are used for ranges of void fraction to identify any flow- rTF_,,(,_,_,)

0,5 Insltumenl Number

meter dependence on this parameter. Uncertainty estimates of5:0.06 ,,_..._," /m3/s (5:1,000 gpm) are plottedwith the results from each flowmeter. ....-'
0,4 ,/- ..'"' • TT.I10

The plots presented compare theperformance of the flowmeters _ .,..,.:: o ,T._,0
" e

to the actual time-averaged total volumetric flow, based on measure- ....,. TT.3,0
mentofinjectedgasandwaterflow. Sincetheultrasonicflowmeters 0.3 .,......// . rr.,,0

arevelocity measuringdevices,thisimpliesthattheymustaccurately .....' _,,_.... ..'""" , TT._0measure,and spatiallyaverage,thevelocityfieldof the two-compo- 0._ ...-'"' _c _ TT.,,0

nent mixture to obtain good agreement with total volumetric flow, _...f. ...,"'"

y.lt

Alternately, they can obtain the correct total volumetric flow if they . ...."_ ... . ......... .0.oem,3,,
measure the correct velocity of one of the components (water in this *" Z

......... -O,O6 mA3/s

case)andthetwo-componentsarcmovingatnearlythesameaverage
velocity (slip ratio = 1). Both ultrasonicflowmeter types correct the o _ L _ _.
reported flow based on an assumed flow profile (fully developed mr- , 0.1 o.t 0.3 .., o.,
bulent flow) which the meter calculates. Flow rates of the individual _,, Total Flow(m^3/s) ,

components,gasandwater,canbeobtainedfromthe totalvolumetric Figure 4. Ali Ultrasonic Transit-Times
flow if thevoid fractionis known, Thistopicisdiscussedlater.

vs Total Volumetric Flow
The transit-dmeflowmeterswerenotexpectedto providetwo-

component flow information. However, as shown in Figures 3 (one The Doppler flowmeters were designated to covet' a range of 0
meter, typical of all meters tested) and4 (ali meters), the meters did to 12m/s, which corresponds to a volumetric flow of 0 to 1.4 m3/s. In
anexcellent job at flows below about0.47 m3/s(7,500 gpm) and void practice, their upper range was limited to about I. 1 m3/s (18,000
fractionsbelow 20%, Thepointsplottedonthe x-axisrepresentdrop gpm)or less.This limitationwasdueto thenatureof the two-compo-
out, where the meter (lidnot function properly,usually reporting zero nent flow and the averaging technique used. At high flows the upper
flow for all, or a significant portion of, the calibrationinterval. The portion of the measuredvelocity spectraexceeded the upperlimit of
tolerance of the meter to void fraction decreased with increasing _e flowmeter. In this case, thecomputed averagewas lower than the
flow. This was particularly evident in data from other tests con- truevalue because velocity samples greaterthan 12 m/s were not in-
ducted 3at 1.1 m/s (18,000 gpm) where the void fraction was de- eluded. As a result, the flowmeter underpredicted flow when the
creased to 2.5% and 1,3% (not plotted), At these conditions, none of mean flow was greater than approximately 0.76 m_/s (12,000 gpm).
the transit-time flowmeters operated correctly, The results can be ex- This is clearly shown in Figures 5 (one meter)and 6 (all meters). The
plalned by considering the flew regimes which'probably occurred amount of underprediction is a function of void fraction. Below 0,76
over this range of conditions, as follows, The transit-time flow- m:/s the agreement is excellent, and nearly independent of votd frac-
meters canno_ operate if the ultrasonic beam ts interrupted by air for a tion, This applies to ali the Doppler flowmeters, even though they
significant time (on the order of 1 second), However, the flowmeters were mounted differently, and located atdifferent positions along the

pipe,
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t,,o_ _ (m'_) The value of void fraction to be used inequations 1and 2 can be
"" - [----.-_,_. vo_F,,_,,,, arrived at in several ways. The simplest is to use the void fraction

calculated from the injected gas and water flows, o_,j.However, this
, _ " ---.-- ,-_,.._i_-- quantity would not typically be known in an experimental situation.

o * _ 7.5%.10.3%

0., .. . ,,,,.,,._, An alternative approach is to use the void fraction based on an

', o ,.,._.z,._, analysis of the gamma densitometer beams. Each beam provides a• . ,.,._ chordal average density, which can be converted into a chordal aver-
o.= " . _ r-, age void fraction. By comparing these void fractions, a determina-

._' tion of flow regime can be made, at least in principle. If the three......... ,0.ce,,.3,, beams yield equal void fractions, the flow at the gamma densitometer......... • 0.06 m_l/s,.

o....._: .... is homogeneous. If the top beam has a higher void fraction than the
middle and lower beams the flow is probably stratified. Variation of

, the chordal densities with time can be used to identify flow regimes
o ,., ,.s 0.,s 1 ,., such as wavy stratified and slug flow. Since the data used for the pre-

_,,,, rot,,F_, (m,3,,) sent analysis are time averaged, only the stratified and homogeneous
flow regimes were identified. A simple geometrical model for strati-

Figure 5. Ultrasonic Doppler 660 (avg) fledflow wasdeveloped.Void fraction,determinedfrom thegamma
vs Total Volumetric Flow densitometerand the stratified model (o_..1),is used in the plots

which follow to calculate water flow from flowmeter output for two-
component flow.

Doppler Flow (m'3/s)

',=11 ../_.' -" ,,,1..... , Num_, The analysis performed is based on the following assumptions:
,.._...'m_ (1) flow regimes arc homogeneous or stratified, (2)the stratified

, .,,,_,(,_,^_ • o.,eo modelusedassumescompleteseparationofphases,(3)temporal

,_.,...."........'"_*_,.,__ i _ o.,o variations in flow structure have been averaged out, and (4) the ef-
0.zt1 .... .,_.... • o n • o.,110 feets of changes in flow profile have been ignored.

__ 0 0.4110

• " " . 0.11110 Water Flow Calculation Results
0.11 ''_ a D.leO

,_ _ v-, Waterflow, basedon transit-timefiowmeteroutput,wascalcu-..........0..,_ latedfromvquadonIusingstratifiedmodelvoidfractions,Results
,..e ,,_,._, ..........0,.,_,_ arcpresentedinFigure7foratypicaltransit-timefiowmeterandin

Figure8foraDopplerfio'm'neter,Theagreementwithactualwater
, ..... flowissimilartothatachievedincomparisonstototalvolumetric

o., 0.11 0.,11 I.=11 flow (Figures 3 and 5). Problems with the Doppler at flows above
.r._ F_ _..a,.) 0.76 m3/s(12,000 gpm) are still evident as are other data trends noted

before.
Figure _;. Ali Ultrasonic Oopplers

vs Total Volumetric Flow
Flow (ro*l/l) Void Friction

O,S ,."" _i

,' i

DATA ANALYSIS 0, ,.../"j • ,_.,.11.,,
C) 7.11%.10.3%

Test results were presented which compared the output of the . ,.,,.,._,

flowmeters to total volumetric flow. Generally, good agreement was ,.s .......... 0 | 11.t_(D.=0.3%

obtained, at least up to a well.defined flow limit. If thevoid fraction , ..-' . ,,.,,

at the flowmeter is known, the liquid andgas flows can be calculated 0., __ _ y..

from the total volumetric flow, using the equations: ......... .0.,,,,._

Q,, = (1- ct) Q_ (1) 0., .......... 0.0__.3,,

Q_=ctQf,,, (2) , .....
0.1 O.l 0,3 0.4 O. s'

wheretheflows (03arein m_/sand ct isvoid fraction.IfQ. isthe ,_,, t_ v,_.,.1,_,,_, ,,,,_,_

OUtpUtof the flowmeter, then'. Figure 7. Transit-Time 110 * (1 - Strat. VF)
Q_, = Qua= v= A_. (3) vs Actual Water Flow

WhereVmis the measuredfluid velocity,in m/scorrectedfor an
assumedflow profile (basedon Reynoldsnumber),ascomputed
bythe flowmeter, A_,_isthe internalcross-sectionalareaof the
pipe, 0.114 m2(1.227 ft2)for 16-in. schedule 40 pipe. Assuming
that v= accurately represents the average fluid velocity of the water
component and that the components are moving at nearly equal
velocities, equations 1 and 2 can be used to arrive at the individual
component flows if ct (at the flowmeter) is known.
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CONCLUSIONS

Ultrasonic flo_,meters have been successfully calibrated over a
range of two--component flows. Transit-time flowmeters provided
accurate flow indication up to 0.47 m3/s total volumetric flow for
void fractions less than 20%. Doppler flowmeters accurately meas-
ured total flows up to 0.76 m3/s for all void fractions tested (up to
40%). A simple flow stratification model, based on analysis of a
th.me-beam gamma densitometer, allowed calculation of individual
component flows. Good agreement was obtained for each flowmeter
type when actual water flow was compared to measured flow over
the same ranges just stated.






