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ABSTRACT removal, the HFBR employs a scheme that provides a low
resistance returnpoth aroundthe core so that naturalcirculation

The thermal limit in a vertical rectangular channel was cooling can be established. The returnpath is provided by the
determinedin a seriesof experimentswherebytheinternal coolant opening of four spring-loadedflow reversalvalves. These valves
underwenta change in flow directionfrom forced downflow to are held closed duringnormaloperationby the heed developed
upward naturalcirculation. The tests were designed to simulate acrossany one of the two primaryand shutdowncoolant pumps.
the flow reversal transientin the High Flux Beam Reactor. A Whenpump power is lost, the reactorscrams automatically and
number of parameters were varied in the flow reversal flow_wn begins. The reacmrve_el is also automatically
experiments to examine theireffects on the thermallimit. Among depressurizedthrougha vent valve.The flow reversal valves open
the parameters varied were the rate of flow ¢oastdown, inlet automatk_y when the head developed by the pumps can no
subcooling, waterlevel in the upperplenum,bypassratio(ratioof longer maintainthevalve springsin tension. When the downward
initial flow through the heatedsection to initial flow through the core flow reachesa value at which the thermalbuoyancyhead is
bypass orifice), and single- verses double-sided heating, compmlble to the frictionlosses in thecore, flow reversal occurs.

INTRODUCTION The relianceon flow reversalto establishnatural cL,_ul_on
cooling is not uncommon for researchreactors. Flow reversal

A series of experiments has been conducted to determine the exits have been conductedin the Belgian engineeringtest
thermal limit in a vertical rectangularchannel when the internal reactor BR2 (Stiennon eL al., 1965) and the Advanced Test
coolant undergoes a change in flow direction from forced Reactor(ATR)at INEL(Hanson eL al., 1970). These in-reactor
downflow to upward natural circulation. These tern were tests we_ essentially single-phm¢experimentsbecause the heat
designed to simulate the flow reversal Ixansientin the HighFlux fluxes abedwere relatively low andtherewas no boiling after the
Beam Reactor (HFBR) under postulated emergency shutdown flow reverud.
conditions at near atmosphericpressures.

The limiting shutdown heating rate for the HFBR was
The HFBR at BrookhavenNational Laboratory(BNL) is a _ for the original design power level of 40 MW in a

researchreactorwhich is fueled by 93% enricheduraniumand is series of flow reverud tests (Tkhler and Hill, 1963) during the
cxx31ed,moderated, and reflected by heavy water. The core b reacto¢design period(1958-1963). Thesetests were simple, go,
composed of 28 fuel elements with each elementmade upof 18 no-go te_ in whichthe successcriterionwas theabsenceof rapid
fuel plates in a parallelplate array. The aluminumcladdedfuel lempendm'eexcursions in the testsection. In 1982aftera number
plates are 0.05 inch thick and are spaced to provide coolant of plantmodircations were madethereactorpowerwas increased
channels about 0.1 inch thick and 2.5 inch in width. During to 60 ll_f. During the periodof 1989-1991 reviews by the
normaloperationthecoolantflow direction,as indicatedin Figure Deparlmmt of Energy (DOE) have raised the issues of the
1, is downward throughthe oore. For emergencyshutdownheat pro_ty and thegpplicabilityof theseearliertests to the 60

MA,STEDIGT I-ttqKJT'W.:_N ,':JF _'414l L3C.K_;bqv_FA_TII _IIED



MW operationof the HFBR. Subsequently• moreconservative Sinale Sided Heater Double-Sided Heater
heat removal limit was formulated for the HFBRbased on the Widthof channel 2.160 2.160
flooding limit (Tichler et. al., 1991). The nominal operating Channelgap 0.10-0.113 0.098-0.116
power level correspondingto this limit is 30 MW. Channel length 24.00 24.00

Heatedlength 22.750 22.750

Inanefforttoprovide•morerealisticanddefensibleestimate Heatedplatethickness 0.050 0.025
of the flow reversal heat removal fimit and therebyincrease the Width of heater 2.250 2.250
HFBR powerlevel, • series of flow reversal tests were conducted
for the BNL •t the HeatTransferResearch Facility(HTRF)of the The heated section was powered by • set of direct current
Columbia University. The objective of these tests was to generators. The low electrical resistance of aluminum resultedin
determinethe thermal limit during flow reversal. The thermal • voltage drop of only -2 volts across the length of the heater
limit is defined as the channel power level below which flow plates, At low voltages the generator output was prone to drift.
reversal will proceed safely to natural circulation without A ballast, made up of • twenty-foot length of water cooled
excessive temperatures occurring in the heated wall(s) of the stainless steelpipe, was installed in series with the heaterplates(s)
coolant channel. These tests have providedquantitativemeasures to raisethe total resistance seen by the gener•toi"and stabilize the
for the determination of thermal limits in a narrowrectangular output voltage.
channel.

An orifice was used to simulate the flow impedance of the four
THE T1ES'TLOOP flow reversalvalves in the reactor.The nominal flow condition of

four open valves was simulated by a 0.199 inch diameterorifice.
The test loop was constructed to simulate the transition from The nominal flow split between the heated section and the bypass

forced downward flow to natural circulation in the HFBR. The was 2:1. Additionaltests were done with a smallerorifice 0.129
tests were performed with an electrically heated section inch in diameter to examine the effects of • more restrictivereturn
representing the core, an orifice representing the flow reversal flow path. The smallerorifice gave • nominal flow split of 5:1.
valves, • variable speed pump to simulate the flow coastdown,
and auxiliary piping and equipment to simulate other pertinent The initial flow through the heated section and the bypass
structures in the reactor vessel. Figure 2 shows the various orifice was provided by an eccentric screw pump which has the
components of the test loop and their general arrangement. The characteristicsof a positive displacement pump. The pump
test loop was set up to preserve the vertical heightof the natural capacity is 10 gpm. The effect of flow coastdown was createdby
circulation flow path in the HFBR vessel. The he•ted section was using • programmablespeed controller to vary the rotational
• full-size mockup of a typical channel in a HFBR fuel element, speed of thepump motor.
The flow areas of the test loop were scaled to correspond to a
typical coolant channel in the HFBR. The scaling criteriafor the INSTRUMENTATION
test loop were based on the similarity rules derived by hhii and
Kataoka (lshii and Kataoka, 1984). The following assumptions The layout of instrumentationis shown in Figure 4. The test
were used in establishing the scaling criteria: loop was instrumentedto monitor the temperature,pressure,and
1) Identical coolant channel dimensions, flow rate of the coolant. Each heater plate was monitoredfor
2) Dynamic similarity (inertia and pressure loss) preservedfor current,voltage, and wall temperaturesat nine locations. All data

the naturalcirculation loop; were collected digitally by • computercontrolled dataacquisition
3) Similar thermal inertia, particularly in the lower system. In addition, video recordings were made for all the

plenum/reflectorregion and the upperplenumregion, single-sided heater tests.
The dimensions of the test loop components are summarized in
Figure 2. The top of the upper plenum region was open to the The total loop flow was measured by • O.5-inch turbine
atmosphere.Demineralizedwaterwas the workingfluidof the test flowmeter(FLI1) located downstream of the circulatim lump
loop. discharge.Twobi-directional turbineflowmeters wereinstalledin

the bypass line and the reflector section to measure the bypass
The fuel plates were simulated in the test by 6061 aluminum flow (FBP) and the test section flow (FRE). The turbine

platesof similar thickness and powered by directDCheating, The flowmeters were calibrated in place for single-phase walterflow
heated section was 2 feet in height. Two separate heat• in the rangeof 0.2 - 3.0 gpm, In case of two-phase flow or high
arrangements were used in the experiments. The single-sided frequencyflow oscillation both the flow rate and the directional
arrangementhad one heater plate and • transparentPlexiglas signals from the flowmetens became difficult to inteqaCL A
separated by the coolant gap. The double-sided heater had • diffenmtialpressure transdta_ 0X)I) was installed across the
heater plate on each side of the coolant gap. The cross-sectional bypassorificeplate as • beclmp for the bypan flow meammmmt.
view of thesingle-sided heater is shown in Figure3. The channel A similar transducer(DRE) was installed across the reflector
gap was maintained by two spazer rails installed along the side turbkmflowmeter(FRE).
edges of the channel, overlapping the heater plate(s) by --0.05
inch. The dimensions of the two heated sections(in inches) were: Threepressure Uanadueera were used to measure the absolute



pressure at the inlet section (PTIB), the lowc_ I lenum (PTOB), over-shoot in the voltage _ a heaterplate would result in an
and the upper plenum (PTPl). Five differential pressure automaticpowercut off to the heated section. This was used as
transducerswere used to measure the pressuredrop along the an indicationthat the thermal limit had been exceeded.
heated section. Oneu'ansducermeasuredthe pressuredropin each
quarterof the heated section (DT1, DT2,DT3, DT4), andone was THE FLOW R_ "rEars
for the overall heated section pressure dropmeasurement (DT5).
The five pressure taps were located on the narrowside of the In each test, flow reversal in the heated section was initiated by
heated channel. The differential pressure indications did not a reductionin the forced flow providedby the circulation pump.
include the hydrostatic head because the zero readingwas taken The pumpflow was rampeddown linearly in timeto simulate the
when the test loop and the pressurelines were f'dledwith water, coastdown of the primary pumps in the HFBR. A number of
Hence, the differential pressure transducers only measured the parameterswere varied in the tests to examine theireffects on the
frictional and accelerationpressuredrop. thermallimit. Among theparametersvariedwere the rate of flow

coastdown, inlet subcooling, water level in the upper plenum,
The water temperature was monitoredby two types of sensors, bypass ratio (ratio of initial flow through the heated section to

namely, iron-constantanthennocouples andresistancetemperature initial flow through the bypass orifice), and single veases
detectors (RTD). Test section inlet and exit temperatureswere double-sidedheating. The baseline test conditions were:
measured by RTD's located in the inlet section (RTII) and the Mode of heating: s/ngle-sided
lower plenum (RTOI). In addition, two thermocouples (JTII and Waterlevel: 14 feet above the top of the inlet section
JTOI) were installed at the same locations as backup Inlet temperature: 130°F, entering the beated section
measurements. Two other RTD's were located in the upper Coastdown time: 40 seconds
plenum (RTPI) and the reflector region (RTRI) to monitor the Bypass ratio: 2:1
trend of temperaturevariation during the course of flow reversal For a given set of test conditions the flow reversal experiment
and natural circulation. For the same purpose, two additional was repeated at increasingpower levels to the heated section until
thermocoupleswere used in the lower plenum(JRBI) and at the the thermal limit was bracketedwithin a 0.5 kW interval The
junction, upstreamof the pump suction, where the fluid streams power was maintained at the specified level throughouteach test
from the reflectorand the bypass sections recombined(JRP1). run. Howeverthere was a small upwarddrift in power due to the

changing electrical resistance of tJ_ heated section as the
The wall temperatures of the heaterplates were measured by temperatureincreased. A successful flow reversal was defined as

0.064-inch thermocouples. Each thermocouple was installed a test where natural circulationcooling was sustained without a
through an eyelet pinned directly to the heater plate. Nine power trip for more than 120 seconds after pump shut off.
thermocouples were evenly distributedalong the middle of the
heater plate at 2.75 inches interval. They wereidentifmdfxom top The initial pump flow for all tests was 3 gpm. Afar reaching the
to bottom by numbersEW01to EW09 for thesingle-sided heatet, desired flow rate, the differential pressure transducers which
and EWI01 to EW109 for the first plate and EW201 to EW209 measuredthe pressuregradientalong theheatedsection were used
for the second plateof the double-sidedheater, to cross check each other md verify the uniformity of the flow

channel geometry. Channel dimensional checks had been
The heater plates were protected fromoverheating during the performed after assembly of the heated section. However the

flow reversal experiments by two types of power trips, a design allowed for thermalexpansion of the heater plates and
temperaturetrip and a voltage trip. Depending on the power therefore the differential lnssure measurements were used to
level all wall temperaturetripswere set at a temperatureof about ensure that unexpectedchanges in the channel geometrywould be
30 - 40 degrees F above the test section exit saturation detected.
temperature.Typical temperature trip setpoint was between 260
to 280 °F. There was an increase in the electrical resistanceof The test results for the single-sidedand double-sided heater are
the aluminumplates as their temperaturesrose duringthe _ presentedin Tables 1 and2 respectively.
of the flow reversal transient. The upwarddrift in voltage was
about 5 - 7 % for a coolant temperaturerise from 130"F to DIgOIJS_ON OF:REIgJL'I_
saturation. The voltage trip was set at 10 % above the initial
operating voltage. This setting was found to be high enough to Test #1 represents the base case of the flow reversal
avoid spurious trips while protecting the heater plates from exfmiments. For the base-line test conditions, flow reversal
overheating, oc,omcd at a power level of 7.3 kW.The test operated for about

170secondsandendedwithamanualpowertrip._ reversal

Power to the test section was calculatedfrom the measured is dearly demonstrated ia Figure 5 by the increase and then
current and voltage applied to the hea_ plates. The currentwas stabilization of the water temperature(RTII) in the channel top
measured separately by two calibratedshunts. The test section (inlet tubesection). Conotmently,thewatertempemtme (RTOI)
voltage was measured by two sepsratecalibratedvoltage divider in the channel bottom (below the bottom of the heated section)
setups. For the double-sided heaterthe two heater plates were begins to drop. In additimt, the wall thermocouple reading
installed in series. An excursion in the wall temperatureor m (LrWOI)in Figure 6 does notindicateany temperatm'eexcursion.



Figure 7 is a plot of the flow rate through the heatedchannel as increases the power threshold for sustained flow reversal.
recorded by the flowmeter (FRE). The positive flow direction,
also the initial flow direction, is downward. Figure 7 shows that Several tests were conductedto determinethe effect of the flow
flow coastdown startedat about 5 second and the firstchange in split between the test section and the bypass line. Results m
flow directionoccurredat about40 second. The pumpflow did Tables 2 and 3 indicate a slight increase in flow reversal power
notstop untilabout45 second.The flowmeter indicated thatthere level when the bypass ratio (ratioof test section to bypass flow)
wereflow fluctuationsafterflow reversal. The bypass flow (FSP) is increased.
is shown in Figure8. It is observedin Figure 8 that flow reversal
is preceded by an increase in the bypass flow. In both Figures 7 The experiments also looked at the effect of single versus
and 8 there appears to be a dead band in the flowmeter for flow double-tided heating. The single-sided heating tests allowed for
ratesbetween plus and minus 0.25 gpm. This anomaly was due visual observation of the flow reversal transients. The
to the fact thatthe calibrationconstants for the turbineflowmeters double-sided heating tests provideda better simulation of the real
were valid only for flows above 0.2 gpm in either direction. The boundarycondition in the re.actor,namely,heating fromboth sides
applicationof the same constants for flows below 0.2 gpm would of a coolant channel. Forsimilar testconditions, the double-sided
then result in erroneousreadings, heater always resulted in higher thermal limits during flow

reversal.

The base-line case experienced a power trip at 7.95 kW in test
#2. The wail temperaturein Figure 9 shows that an excursion OONCL_
occurredat about40 second. In Figure 10, the water temperature
in the channel top was still in an upward trend when the power This series of flow reversal experiments has provided
was tripped. This was an indication that the coolant had not quantitative results for the determinationof thermal limits in a
completed its reversal in flow direction in the channel. The narrow vertical rectangular channel. The effects from varying
flowmeter readings m the reflector and the bypass regions are several initial and boundary conditions have also been studied.
shown in Figures 11 and 12 respectively. The data show that a shorter coastdown time or a lower inlet

temperatureresults in a higher power level for sustained flow
It was observedduring the experiment that steam generation in reversal A higher pow_" threshold is also achieved by

the heated section provided the first indication of an impending double-sided heating rather than single-sided heating. The
flow reversal. The steam soon expanded to cover most of the measL_redpower thresholdof about 7 kW for the base-linecase is
heated section. At this point water began to enter the heated approximatelytwice as high as the thermal limit imposed on the
section from below. The boiling boundary continued to move up I-IFBRby the flooding limited criterion.
and down the heated section. The flow regimewas bestdescribed
as churn-turbulent/annularwith steam occupying the wide spanof A_OWI.EDC_Ii_N'I_
the flow channel and water in the form of a thin film on the
narrowersides of the rectangular channel. For all the tests that This work was performed under the auspices of the U.S.
ended by a power trip from thermal excursion, the heated section Department of Energy.
was almost completely voided when the tripoccurred.
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Figure I. HFBR vessel showing
normal flow direction.

TABLE 1

SINGLE HEATER FLOW REVERSAL TESTS

NOMINAt, vLow n_w WATEa _V rt_v .vvx_
TeST eowut _vV.J_ PoWnt _Z, TSMmZATta_ CO_TDOWN _o

I 7.0 7.3 14.43 130 40 2:1
2 7.5 7.95 14,00 130 40 2:1
3 7.5 ,'.9 14._ 130 30 2:1
4 8.0 8.70 14.00 130 30 2:1
5 10.5 10.85 I 1.05" 14.00 130 pumptrip 2:1
6 I0.0 10.40 10.65" 14.00 130 pump trip 2:1
7 8.0 8.65 9_" 14.00 II0 40 2:1
8 9.0 9.5 14.00 110 40 2:1
9 7.0 7.15 3.67 130 40 2:1
I0 7.5 8.10 3.67 130 40 2:1
11 7.5 8.10 14.00 130 40 5:1
12 8.0 8.95 14.00 130 40 5:1

TABI.E2

Oousu: HEATER FLOW REVER,..SALTESTS

NOMINAL FlOW TRIP WATER INIL_T IUMP BYPASS
TEST POWER REVERSAL POWI_ _ TgMPERATURE ODASTDOWN RATIO

SO..._ _w) _ _W_ _ £D.

13 8,0 8.7 14.00 130 40 2:1
14 8.5 9.4 14.00 130 40 2:1
15 10.5 11.4 II0* 14.00 130 pw_e uip 2:1
16 7.0 7.7 14.00 150 40 2:1
17 6.5 6.7 14.00 150 40 2:1
18 7.0 7.85 14.00 130 60 2:1
19 6,3 7.3 14.00 130 60 2:1
20 8.5 93.5 14.00 IJO 40 5:1
21 9.5 10.05 14.00 130 40 5:1

.,

• Trip occurredaft= nalmal ci_datien hadbeen mtabl/sh_
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