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FOLLOW-UP FUEL PLATE STABILITY EXPERIMENTS AND ANALYSES FOR THE
ADVANCED NEUTRON SOURCE

W. F. Swinson
R. L. Battiste
C. R. Luttrell
G. T. Yahr

ABSTRACT

The reactor for theplannedAdvancedNeutron Sourceuses closely spaced plates cooled

by heavy waterflowing through narrowchannels.Two sets of tests were performedon the

upperandlower fuel plates for the structuralresponseof the fuel plates to the requiredhigh
coolant flow velocities. This reportcontains the datafrom the second roundof tests. Results
and conclusions from all of the tests are also included in this report.The tests were done

using light wateron full-scale epoxy models, and throughmodel theory, the results were
related to the prototypeplates, which are aluminum-cladaluminum/uraniumsilicide involute-
shapedplates.

1. INTRODUCTION

A second roundof flow experimentshas been carriedout on epoxy full-scale models of

the upperand lower Advanced NeutronSource (ANS) fuel plates. The tests were performed

to give a broaderdata base for drawingconclusions and to help gain confidence in the results

by demonstratingrepeatability.The data from these tests are illustratedin this report, which is

a follow-up to the earlierwork reportedin ORNL/TM-12353.1The readershould refer to the

earlierreportfor a descriptionof the plates and the flow loop. Conclusionsdrawn from the

second roundtests are notedin this report. In addition, to help assess the structuralresponse

of the ANS fuel platesto flow, a review of earliertests by other investigatorson stability of

flat plates, and of problemsidentified in beginning operationof the EngineeringTest Reactor

(ETR)plates, the MaterialsTest Reactor (MTR)plates, and the High Flux Isotope Reactor

(HFIR) plates, are discussed. Some complicationsof findinganalytical solutions for this

complicatedturbulentflow problemare noted. The potentialof using the dynamicpressureas

a conservativebut functional designparameter is noted.



2. TYPE OF FLOW INVOLVED

As a first step in tryingto correlateall of the flow tests that have been done (flat plates,

ETR, MTR, HFIR, andANS), the type of flow in the coolant channels is examined.Where

appropriate,this examinationis based on the ANS experimentalflow loop, which has a flow

straightenerfollowed by a plate section containingsix flow channelsand five plates. As a

specific referencevelocity whereneeded, the initialplanned ANS operatingvelocity of

27.4 m/s (89.9 ft/s) has been used. After the datafor this section of the reportwere

compiled, the planned ANS operatingflow velocity was changed from 27.4 m/s to 25 m/s.

The prototype volume flow is calculatedas

(1)

Qp ffiAv = 14.7 l/s (232.6 gpm) ,

whereA is the cross-sectional flow area and v is the flow velocity. The model flow volume

andvelocity in the flow loop are

Q, - 3.0 l/s (48.0 gpm) , (2)
v, ffi5.66 m/s (18.56 fps) .

The type of flow in the flow straighteneris turbulent.This is apparentas flow between

infinite parallel plates is turbulent if the Reynolds' numberis greaterthan 1400. In the flow

straightener,Reynolds' numberis 42,557 where the boundariesare taken as parallel plates. In

addition,turbulentflow is predicted when approximatingthe flow cross section as circular

using the hydraulicdiameter analogy

Aps _981.9 mm2 ,

D ffi4 A_P w- 23.3 mm (.918 in.) , (3)

wherePwis the wetted perimeter,A_ is the flow straightenercross-sectionalarea, and D is

the hydraulicdiameter. The flow straightenerhas a velocity of
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v_u - 3084.8 mm/s (121.449 in./s) ; (4)

thus, the Reynolds' numberis

R. = vrjap/v = 71002 , (5)

where v is the kinematicviscosity.

This Reynolds' numberplaces the flow well into the turbulentrange.

The type of flow in a typical flow channelis also turbulent.In this case, Reynolds'

numberis 7043, and, when comparedto a turbulentReynolds' numberof 1400 for parallel

plates, suggests highly turbulentflow. Turbulentflow is also predicted by approximatingthe
!

flow cross section as circular using the hydraulicdiameteranalogy

(6)D - 2.50 mm (0.0982 in.) ,

and Reynolds' numberis R_ = 13934. Again, the Reynolds' numberplaces the flow into the

turbulentrange.

The assumptionof using the hydraulicdiameter to approximatean involute cross section

as a circle raises questionsas to whetheror not this is reasonable.This approachwas used in

estimatingthe pressureloss in HFIR and found to be reasonable.Using this same concept, the

calculatedpressureloss is compared with the measuredpressure loss in the test loop.

_,,.- ./Z_ov_ (7)2/3

is the pressuredrop equationusually listed for pipes,

where

f - the friction coefficient of resistance

L -- flow path length,

p = mass density of fluid,
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v ffi flow velocity,
q,.

D = pipe diameter.

The coefficient of resistance can be expressedfrom the Blasius' formulafor smooth pipes
.e

as

f = 0.316/R_I' . (8)

Therefore, the pressureloss can be calculatedas

ApL = 0.158/, /to.Z_pO._A,l._s. ,.
g°.'D,.Z_

As an example, the pressureloss in the flow loop using the model ANS operating velocity

(5.656 m/s) is calculatedas

ApL = 98109 Pa (14.23 psi) . (10)

- Comparingthis value to the experimentalvalue of

Apt. = 97447 Pa (14.13 psi) , (11)
l,

it can be seen that the values are very close to the same. This comparison does suggest that in

calculating "overall" flow values such as pressurelosses and averageflow velocities, the

hydraulicdiameter analogy is helpful. However, it wouldbe a mistaketo assume thatbecause

the overall result is reasonable,local effects such as buckling instabilitiescan also be

calculatedwith a similar analogy. The overall effect is not too surprisingin that a free body

shows that for fully developedturbulentflow

Apt. (b) (h) - _-L(b + h)2 , ' (12)

- and since h < < b ,



_.= _,h/2L) . (13) ,

From the pipe analogy,

= (_,/2/.,)(D/2) . (14)

Thus, the two equationsare essentiallythe same when it is observed that

D/2 - 1.24 mm (lb')

and compares favorablywith h = 1.27 mm. By substitutingthe pressure loss into the above

equation, the shearstress can be calculatedas

T = 0.0395tt°'2s#°'v5 vl"V5 . (16)
&o.vsDO.U

The flow in the channels is highly turbulentflow and essentiallyoccurs throughoutthe

channellength. A term called frictionvelocity=is defined as
I

v. = (l_-I/p)''= . (l_

The laminar sublayerof the boundarylayer is estimatedas

_1 = 5=,Iv. = 0.015 mm . (18)

To appreciatethat the flow is turbulentessentiallythroughoutits length, considerthe

boundarylayerdevelopmentover a flat plate as

(19)5 = 0.37X_S(vlv)"11s .
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For the boundarylayer to develop to half of a channel thickness requiresa distance of

x =16.99 mm . (20)

Thus, it is believed thatthe flow in the channelsis highly turbulentessentiallyover the entire

lengthof the plate and that it has a very thin laminarsublayer.

Having an analytical solutionto this turbulentflow problemwould be most desirable. To

appreciatewhatan analytical solution wouldhave to describe, one should examine some of

the basic concepts included in turbulentflow. The flow is not a continuum,but it is composed

of a complicatedset of varying swirls and eddies. Thus, in some cases (probablyin this case),

an analytical solution should accountfor these temporal swirls and eddies that have strong

effects at local boundaries.The swirls and eddies continually change and thus transport

momentacontinuouslyin andout of a control volume. As a resvlt of this, the velocity and

pressureare subject to continuousvariation. Schlichting2 notes "lumps of fluid" fluctuate in

the flow directionand at rightangles to the flow direction. This type of flow behaviormay

not lend itself to a continuummodel. An attemptto describe this action is suggestive of a

"mean motion"and a "fluctuation" or "eddying motion," where the velocity components and

pressureare expressed as

u- u +u / v-v +v I w- w+ W,p =p +p/ (21)

with the primedenoting change with respect to time. These termsgive rise to fluctuating

normalstresses as well as fluctuatingshearstresses. Not having a relationfor this temporal

fluctuationputs an extreme limitationon findingan analytical solution to some fluid flow

problems.The temporal phenomenoncan be included in the equationsof motion

(Navier-Stokesequations);however, one can see that in additionto not having a functional

relationfor the fluctuations, the boundaryconditionsconnecting a point inside an eddy zone

to one just outside are unknown.Rous@says in regardto these types of turbulentflow

" problems, "However correctlythe Navier-Stokesequations may describe conditionsat any

point at any instant, it is obviously futile to attemptto use them in investigatinga finite

" portionof the flow for a fmite length of time--unless it is found possible so to modify them

that the complexity of the secondaryfluctuationswill not conceal the basic essentials of the
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flow." Experimentsare neededto tell which turbulentflow problemscan be adequately
w

modeled as a continuumandwhich cannot.



3. DISCUSSION OF PAST WORK ON FLOW PROBLEM

" An earlyproblemdetectedin reactordesign hadto do with failureof the fuel plates

because of coolantflow. Stromquistand Sisman4 reportedon some work they did with fuel

" plate assemblies subjectedto flow. Relative to so-called plate buckling, they concluded,

"Buckling of plates can occur only undervery unusualconditions, such as a combinationof

improperplate spacing, insufficientrestraintof plate ends, and brazingdefects. Calculations

indicatethat improperspacingalone cannotcause pressuredifferences as great as those shown

by static pressuretests to be necessaryfor buckling." Improperplate spacing meantvery large

differences, e.g., 15.9-mm channelthickness on one side of the outside plate and 3-mm

channelthickness on the other side of the outside plate. Problems with attachingthe plates to

the side supportsaccountedfor other failures. It appearsthat the outside plates where spacing

was differenton each side of the plates were most susceptibleto deflection problems. It

shouldbe noted that what is called "buckling" in this investigationwas not bucklingas in

unstable structuresbut deflectionbecauseof load (pressure).This is apparentwhen it is

appreciatedthat a flat platefixed on two oppositeboundariesand loaded transverselydoes not

buckle because the membraneload is always tension.

In the late 1950s, some plate problems associated with the ETR were investigatedand

• reported in Doan,s Beck et al.,e and Beck.7 Some plate failureswere noted with the flatplates

subjectedto flow. It appearsthat the problems were not buckling becauseof flow but were

initiatedby brazing the platesto the support sides. The brazingnot only introduced residual

stresses but also reduced the yield stress propertyof the plates. This was evident in that the

plates were not flat, and the spacingsbetween plates were irregular. The representativefailed

plates that were picturedappeared more like a sine wave with respect to the lengthof the

plate than a bow with maximumdeflection at the center.When differenttechniquesfor

attachingthe plates to the side supportswere used, the failures stopped with one exception.

The exception was a single case with plates attachedusing the new techniquesbut with

slightly bowed plates aftertesting. When the dynamicpressurefrom the test velocity wa,

applied to the plates, the maximumstress calculatedequaled the yield stress. It does appear

- that if the problems pointed out by Stromquistand Sisman*had been fully appreciated,some

of the problems with the ETR plates couldhave been avoided.
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Bartzand Franciss reportedon problemswith the fuel plates of the MTR. This reactor

had curvedplates insteadof flat plates as in the ETR and thus a more rigid plate. The reactor

functioned for two years, duringwhichtime the plate design was changed, before any plate

failures were found. The problemsseemed to occur with the outside plates. The outside plates

were peculiar in that the outside channelof the outside plate was different in comparison to

the inside channelof the outside plate. The failure that was discussed occurredas shown in

Fig. 1. The failed plate was boundedby one channelthat had a pressurerelatedto the fluid

friction in that channel. The other channelbounding the failed plate hada pressurerei_otedto

the channelflow and also to the pressureon the outside of the supportsides becauseof the

gap between elementB andelementA. This could causea large pressuredifferential across

the plate and initiatefailure. The differentialpressureacross a plate was reported as 6894 Pa

duringthe initial two yearsof operation.With the design changes, the differentialpressure

went up to 71013 Pa, and the resultwas plate failures. In 1954, with further and final design

changes, the differentialpressuredroppedto 15168 Pa, and no furtherfailures were

experienced.

ACL£Vf.'dT III ((_.(VCNT *,1

Fig. 1. Failure of the MTR fuel plates.
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Miller9published an analytical model to describeso-called collapse of parallel-plate fuel
I

assemblies. No experimentalevidence was presented to support this theory. In comparing this

theory with flat plate experimentsdone later in the 1960s, no correlation could be established.

" The assumptionsmade in developing this theory are difficult to justify with real flow systems.

For example, applying Bernoulli's theorem to turbulent flow is not correct. The most difficult

assumption to justify is assuming constant mass flow in each channel regardless of whether

the channel becomes large or small during the flow process. Other complications, such as not

considering how membranestress affects the deflection, are present. Miller suggested that the

problems associated with the ETR fuel plates lent some support to his theory. This is difficult

to appreciate when the problems associated with the ETR plates were because of techniques of

attaching the plates to the side supports,s-_Further, the mode of failure for the ETR plates

was not at all like the mode of failure predicted with Miller's model. Finally, the problems

associated with the ETR plates occurred at about half the velocity predicted by Miller's

model. This failure would suggest that the problem was something other than the Miller

collapse velocity

ZabriskieI°reportedon experimentaldata from flat plates associated with this flow

problem. Test runs included single and multipleplates made of aluminum and plexiglass with

• different channeland plate thicknesses. Zabriskienoted considerablescatter in the test data.

The absenceof suddencollapse of the channel, as predicted by the Miller model, was notable.

' Since no collapse was observed, a new use of the term collapse was defined. The definition

used said that any observable motion of the plates was taken as the initiationof collapse, a

rather impreciseuse of the term. It appears from Simon11that this observable plate motion

was 0.051 mm with a channel width of 2.54 mm. The deflection data was not measuredand

was called "apparent deflection." In trying to come up with a specific velocity to call a

collapse velocity, the criteria used were when the difference in total pressureacross the plate

at the exit changed signs. Zabriskie observed that the plates had a small oscillation at certain

velocities that would cause a change in the sign of total exit pressuredifference. It seems

unreasonableto correlate the Miller collapse model with this kind of interpretation, especially

" since the associated plate deflection was very small. Considerthe static pressure difference

near the entrancewhere it was reported to have the maximum deflection. If one assumes this

" pressuredifference over the entire plate, according to one test, the maximum displacement

would be 5 % of the channelwidth. With the same assumptions, all of the other single plate
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tests would have much less deflection. Calling this smalldeflection a collapse velocity does

not seem appropriate.Also, it appears that the plate entranceedges were sharpand, if this

was the case, it wouldaccount for some of the very large scatterand inconsistencies in the
p

data.

Groningerand KaneI_investigatedthe response of five Zircaloy flat plates with six

channelssubjectedto flow. Tests were done with elevated temperatureand room temperature

fluids. There isn't enough datato evaluateproperlythe hightemperaturetest; thus, the room

temperaturetests are the only ones commentedon. The fuel plates began to oscillate (flutter)

and touch at a velocity of 1.9 times Miller's collapse velocity. The deflection 'wasa direct

function of the flow velocity. A longitudinalstandingwave was evident at velocities below the

fluttercondition. The flutter instability is not the sameas a collapse velocity as predicted with

the Miller modt Whencombs were added to the plates, the deflections were muchless, and

the flutter disappeared.Two characteristicsof these tests are that deflections are directly

related to the flow velocity and that flutteroccurs at the highflow velocities.

Smissaert13published results of tests run on flat plate assemblies. The data supportedthe

work by Groningerand Kane.12There was no collapse velocity found in flow velocities up to

three times the Miller calculatedcollapse velocity. The plate deflection was directly related to

the pressuredifferentialacross a plate, which was related to the flow velocity. At a flow

velocity of approximatelytwice the Miller calculated collapse velocity, flutter began to be

evident.

Gwaltney and Luttrell_4extended Miller's collapse theory to involute plates. Sartory_s

developed an analytical modelsimilar to the Miller model for the flow problemas relatedto

the ANS involute plates. The model includedflow in two directions, involute plate equations,

inlet/outlet conditions, and a representationof the flow friction.

Reutler_6translated an unpublishedmanuscripton the stability behaviorof the Institut

Laue-Langevin(ILL) fuel elements. When tests were run at nominal coolant velocity

(15.5 m/s) without combs, considerableproblems were evident. The plates pulled away from

their support slots, and some flow channelswere essentially closed. This result was a
q,

surprise, since the design was very similar to HFIR, which has operated without plate

problems for years. It appears, in looking at the photographsof the failed plates, that the

problems were relatedto attachmentsof the plates in the supportslots and not to a collapse

problem. No plates buckled, i.e., the centerof curvaturealways stayed on the same side of
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the plate. The damagewas attributedby the investigatorsto removal of the combs before
i.

running the te_ts, which altered the entranceconditions.

Swinson and Yahr17proposedusing the dynamicpressure for calculatingthe upperbound

of plate deflectionfor this flow problem. The dynamicpressureappearsto be a conservative

upperbound. Experimentsusing epoxy involuteplates and experimentsusing flat plates all

confirmthe dynamicpressureto be an upperbound.It is a conservative upperbound in that

the tests on the flatplates and the tests on the involuteplates all confirm that the actual

pressuredifferenceas measuredacross the plates is on the order of half the dynamic pressure.

If an analytical model is developed based on parallelflow that does not requireequal mass

flow in the channels, some of the trends seen in the datacan be predicted. It would be a

mistake to assume that such an elementarydescriptionas parallel flow can explain this highly

turbulentflow problem.However, trends, such as stable flow and an upperboundon the

pressured_fferenceacross a plate being the dynamic pressure, can be extractedfrom this flow

model. Data taken in the ANS flow loop tend to supportthis approach.



4. EXPERIMENTAL ARRANGEMENT

" The proposedANS core is composed of two annularassembliesof involute plates as

shown in Fig. 2. The upper elementhas an inside radiusof 175 mm andthe lower element

" has an inside radius of 102 mm. The individualplates are involute in shapeand use aluminum

cladding with a uraniumsilicide/aluminummixturecore. Figure 3 shows the general plate

arrangementin the element. The plates are 1.27-mm thick, and the flow channelsare

1.27-mm thick. This reportincludes dataon the second test of the upper (outer)plates and the

lower (inner) plates.

As reportedin the first test) the plates were modeled full scale using epoxy material.

Model theory was used to find the expected responseof the prototypeto flow. The model

laws used are developed in the report cited earlier. Formingandpreparationof the epoxy

plates are also discussed in the earlierreport.Five active plates and six flow channelswere

used in the test. The closed flow test loop is illustratedin Fig. 4. Flow enteredat thebottom

of the test model andwas straightenedin a single involutechannel. Figure 5 picturesthe flow

straightenerfor the lower element. The flow straightener'sinvolutecross-sectionaldimensions

for the upperplates were 13.97-mm wide by 70.3-mm arc length. For the lower plates' flow

straightener, the dimensions were 13.97-mm wide by 87.35-mm arc length. The longitudinal

lengthof both flow straightenerswas 527 mm. The flow, on leaving the straightener,passed

through the section of the test model containingthe plates and then was directed into an exit

' chamber. Figure 6 shows the test section for the lower element. Becauseof the boundary

conditions involved, the three central plates best modeledthe plate response expected in the

ANS reactor as a function of coolant flow. Five straingages were located on each of the three

centralplates. The gages were located, with respect to the plate length, at the entrance, the

quarterpoint, the half point, the three-quarterpoint, and the exit. The four flow channels

bounding the three central plates each contained five static pressuretaps located in the same

cross-sectionalplane as the straingages. The static pressuretaps were located in the outer

fixed boundary and were 1.27 mm outside diameterand 1.07 mm inside diameter. Prior to

the assembly of the test section, the gages were calibratedto signal the maximumplate

" deflectionof the five cross sections noted because of a pressuredifference across the plate.

Figure 7 shows a plate being set up for calibration.The longitudinalboundarieswere clamped

- to the aluminuminvolutemandrel. The maximumplate deflectionwas monitoredwith a dial

15
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indicator. The strain signals were recorded as a function of the pressure load applied to the

plate. The pressure was vacuum applied by first sealing the plate ends with a pliable clay and

. pumping through the pressure tubes shown in Fig. 7. It was evident that the readings frort_the

strain gages at the entrance and exit of the plate were affected by the pliable clay during

calibration. Therefore, for calibration, the average readings from the other gages versus

deflection were used.

" ORNL DWG 92-3085 ETD

FUEL-PLATE
SUPPORT CYLINDERS

• HEAVY-WATER-COOLANT
CHANNEL UPWARDFLOW,

27 m/s

527 I

ENRICHEDALUMINUMCLAD PLATES,

--_ INVOLUTE SHAPEUPPERELEMENT LOWERELEMENT
" 432 PLATES 252 PLATES

a = 175mm a = 102 mm
b = 235 mm b = 168 mm

.

Fig. 3. Plate arrangement in support cylinders.
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Fig. 7. Plate calibration arrangement.



5. DATA AND _TS FROM SECOND TESt OF THE ANS PLATES

" As the plates were fabricated,a numberwas assigned to each plate. Someof the plates

were not in a thickness tolerance bandof +0.05 nun and were not used in the test elements.

" No particularnumberingscheme was used in stackingthe plates for assembly. The plates in

the uppertest section are identified:the centralplate is labeled A8; the first plate on the

concave side of the central plate is Al; the second plate on the concave side of the central

plate is A5; the first plate on the convex side of the central plate is A4; andthe second plate

on the convex side of the central plate is A9. The averagemodulus of elasticity for the strain-

gaged plates A8, AI, and A4 was experimentallyfound to be 3183 MPa + 12%(461,721

psi). The experimentalarrangementto f'mdthe moduluswas the same optical techniqueas

reportedin ORNL/TM-12353.i

The plates in the lower test section areidentified: the central plate is labeled 134;the first

plateon the concave side of the centralplate is BI4; the second plateon the concave side of

the central plate is B6; the first plate on the convex side of the centralplate is B15; and the

secondplate on the convex side of the central plate is B18. The averagemodulusof elasticity

for the strain-gagedplates 134,BI4, andB15 was found to be 3563 MPa + 3.5%

(516,827 psi).

- As in the earliertests, the data collected was computercontrolledand included the flow

volume from a vortex shedding meter, the 15 strain gages, the upstreamand downstream

" pressures,pressurefrom each of the 20 pressuretaps in the flow channels, and the water

temperature.The entrance strain gage for the central plate was monitoredwith a strip chart

recorderto detect plate response as a functionof time and flow. Generally,data were

recordedwith the computertaking threesets of zero data (i.e., wi_out flow), which took

about 30 s; next, the flow was adjustedto the desired value, and three sets of loaded data

were recorded;and lastly, flow was stopped, and three more zero data sets were recorded.

This procedureallowed for inspectionof the data to detect any significant variation that might

negate a test.

During the process of gatheringdata for the ::3werelement, one of the plates fractured. In

- comparisonto all of the other plate tests, this was a prematurefailure in that much higher

flow velocities were realized in the other tests before failure occurred. The epoxy material is a

brittlematerial,and it is reasoned that an unknowncrack becauseof fabricationand/or

23
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assembly was present in one of the plates. The resultof this was an early failure as the load
it

was increased because of flow. At the beginning of this program,the very first plate that was

being calibratedshatteredat a very low pressure load. It seemed evident at thattime that
e

precautionswere needed to help avoid cracksand to preventprematureplate failure. It

appears,however, that a crackstill went undetected and caused an earlyplate failure during

the second test of the lower plates. The data that were collected is reported.

The pressure dropalong the length of a channelis illustrated in Figs. 8-17. The channel

identificationnumberreferencesthe plates that bound the channel. The pressuredrop was

found by subtractingthe pressurereadingat the exit to the channel from the pressurereading

at the entranceto the channel.

The maximumdeflectionsof the three instrumentedupperplates and the three

instrume,ted lower plates as a function of prototype flow velocity are shown in Figs. 18-27.

For compar_ltivepurposes, the coordinatepositions of the three instrumentedplates for the

upper a,d lower models at the entrance, the quarter,the half, the three-quarter,and the exit

cross sections are shown in the graphs. The central plate is positioned at the zero coordinate.

The plate on the concave side of the centralplate is positioned at + 1.27 mm. The plate on

the convex side of the central plate is positioned at -1.27 nm_.As the plates are loaded by the

flow, the coordinatesof the plates change.

Figures 28-33 show the deflectionpattern of each of the gaged plates at differentflow

velocities.

Pressuredata we:retaken at the entrance, the quarterpoint, the half point, the

three-quarterpoint, andthe exit point in each of the four channels that surroundedthe gaged

plates. For presentation,the pressuredifference across each plate was calculated from the

pressure readingsandscaled to an equivalentdeflection reading.The scale factor was taken

from the calibrationdata, wheredeflection was recorded as a function of pressuredifference

across a plate. The resultsare shown in Figs. 34-43. Some comments are made in the next

section about the function relating the plate deflection to the flow velocity being similar to the

function relating the dynamicpressureto the flow velocity. Therefore, the dynamic pressure
_s

has been scaled using the same constant, experimentallyrelating the pressuredifferential to

plate deflection and compared in Figs. 44-53 to the plate deflections measuredexperimentally

duringflow.
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Figures 54 and 55 show selected responses of the plate straingages as a function of time
u

to illustrate the type of vibration that was sensed by the plates.

This second round of data using new test models was taken to give a larger data base for

• drawing conclusions. Figures 56-59 show all deflection data at the entrance and at the

three-quarter point versus prototype flow velocity for the upper plate test sections and for the

lower plate test sections. These two cross sections were the most significant in that the largest

deflections were found at these points.
!
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Fig. 35. Plate AI, A8, A4 quarter point pressure differential, second model upper
ANS plates.
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Fig. 46. Plate AI, A8, A4 half point dynamic pressure, second model upper ANS
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6. DISCUSSION

• The separationof the upstreampressurefrom the pressuredrop along the plate channels

(Figs. 8-17) gives an indicationof the pressureloss in the flow loop becauseof the flow

. meter, the 90 degreeturnin flow, and the flow straightener(Fig. 4).

The theoretical pressureloss alonga flow channel lengthwas calculatedusing the

expression developed from ORNLfrM-123531andis illustrated in Figs. 9-12 and 14-17. The

expression does very well in predicting the pressureloss. When the pressureloss is less than

the calculatedvalue, the correspondingplate will deflect toward that channel centerline. For

example, compare the pressureof channelA9-A4 (Fig. 9) with the deflectionof plate A4

(Fig. 18). As noted earlier, the averagepressures and velocities in the flow channelscan be

determinedreasonably from analytical models. However, the pressure and velocity differences

from one channelto an adjacentchannel cannotreadilybe calculated. Unfortunately,this

latter informationis the information needed to predict the structuralresponse of the plates to

coolant flow.

Figures 18-27 illustratethat plate deflectionat the planned operatingflow of the ANS is

small. Note that at the entranceassociated with platesA8 and A1, a suddenjump in the plate

deflection is observed at an equivalentprototypevelocity of 39 m/s (Fig. 18). This effect is

rather local as it is not seen at the quarterpoint (Fig. 19). ChannelA8-AI shows an abrupt

pressurejump (Fig. 11) at a model velocity of 8 m/s (this model velocity correspondsto a

• prototypevelocity of 39 m/s). An interpretationof this is that at the 8 m/s model velocity, the

entrance flow patternabruptlychanges. Such an occurrence is not uncharacteristicof turbulent

flow around objects. This kind of behavior reinforcesthe suggestion that the upstreamflow

pattern is a sensitive variableto the channel flow, and, consequently, so is the plate's

structuralresponse. At flow velocities above this specialvalue, the channelpressure

differential increasesslowly until it is againboundedby the dynamic pressure, and deflections

again are related to the flow velocity by a smooth function.

There was no experimentalevidence of plate collapse as predicted by Sartory's application

of Miller's theory to the ANS involute plates (see Figs. 18-22). An opinion as to why a

collapse does not occur is noted in the next section.
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Generally, the maximumdeflection versusthe lengthof the plate is a longitudinalwave
¢s

form (see Figs. 28-33). The peak deflection did not always occur at the entrance.These

characteristicsare not predictedby existing analytical plate models.
o

Figures 34-43 compare the plate deflection with the pressuredifference across the plate.

The comparison suggests that the strongest variable in causingthe plate to deflect is the

pressuredifferential across the plate. The plates can be seen to deflect in almost direct

proportionto the differentialpressures. Also, it can be observed that the differential pressure

is a function of the flow velocity. Since the differentialpressure is a function of the flow

velocity, the plate deflection must also be a function of the flow velocity. The function

relatingthe differential pressureto the flow velocity is similar to the function relating the

dynamicpressureto the flow velocity, although at different magnitudes(see Figs. 44-53). It

can be seen that the magnitudeof the differentialpressureis boundedby the magnitudeof the

dynamic pressure, with a single exceptionoccurringat the entrance regionof plate A8 at a

prototype flow velocity of 39 m/s (see Figs. 44-53). The exception is an isolated occurrence,

and it is thought that the rotationalenergyfrom turbulenceavailableat that entrance point

abruptly increasesbecauseof a change in the entrance flow pattern. With equal weight given

to all of the data, the ability to predict the structuralresponse of the fuel plates is a direct

function of the ability to predict the differentialpressureacross a plate.

The entrance gage on plate A8 (central test plate of the upperelement) was connected to a
o

strip chart recorderto monitorthe plate response with respect to time. At a prototype flow

velocity of 23.2 m/s, a slight resonancewas detected in plate AS. The maximumdeflection at

the entrance to this plate was 0.08 nun. The amplitudeof vibrationwas 0.003 mm with a

frequency of about 4 Hz. At a flow velocity of 33.4 m/s, the maximumplate deflection at the

entrance increasedto 0.14 mm, wittt an increasein the amplitudeof vibrationto 0.01 mm at

aboutthe same 4 Hz frequency.

PlateA4 (on the convex side of the upperelement central plate)had more deflection than

plate AS. At a flow velocity of 33.4 m/s, the maximumdeflection at the entrance of the plate

A4 was 0.24 mm, with an amplitudeof oscillation equal to 0.043 mm at 4 Hz. This

maximumvibration effect is seen in Fig. 54. At a flow velocity of 36 m/s, the vibration

disappearedbut began to reappearat 41 m/s flow velocity. The initial magnitude of vibration

was small as the vibration returned.
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At a flow velocity of 50 m/s throughthe upperplates, some flutter was evident. The plate

" would slowly (0.025 Hz) oscillate from a maximumdeflectionof 0.70 mm to 0.62 mm.

Finally, at a flow velocity of 53.8 m/s, considerableleakage was evident in the upper

• plate test section, andtesting was suspended.

For the lower element test section, the entrancegage of the central plate was monitored

with respect to time. The maximumvibrationalresult is illustratedin Fig. 55. The frequency

of vibrationfor the lower plate models was about4.4 Hz, which was about 10% higher than

the upperplate resonance.

The plate vibrationsthat were detectedoccurred at velocities above the ANS operating

velocity, and such effects would seemingly not presenta problem in the prototypeplates.

However, relatingthe vibrationresultsof the model to the vibrationresults expected in the

prototype is not recommended. In developingthe scaling factors from model theory for a

staticor steady-stateplate, the inertialproperties (mass and acceleration)were not included.

Therefore, the model laws developed would not apply to an acceleratingplate. When

resonance in a plateoccurs, if the vibration is small or of a secondarynature, the model laws

developed for going from model to prototypewill give reasonableresults. If the resonance is

largeor primary, the model laws developed would not be applicable.

" Deflection data of the six plates from the upperelements and the six plates from the lower

elements are a compilationof data from the first test elements and also from the secondtest

• elements (see Figs. 56-59). The variation in the deflection of the plates is an indicationof

how complicated or how sensitive turbulentflow can be nearor at boundaries. The turbulent

flow patternenteringthe plates is sensitive to factors such as upstreamgeometry and

tolerances, which in turn producedifferenteddy patternsat the plate entrance. Plate inlet

dimensional tolerances also affect the entrance turbulentflow pattern. At the entrance for the

upperplates Gig. 59), plates A4 and A8 boundthe plate response; at the three-quarterpoint

(Fig. 58), the bound changes to plates 6 and A1. At the entrance (Fig. 57) for the lower

plates, plates 44 and BI6 bound the results, and at the three-quarterpoint (Fig. 56), the bound

changes to plates 55 and BI6. These variationssuggest how complicatedthe plate response is

" to the turbulentflow. The ability to calculatethis complicatedresponse is limited. Any
I
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conclusions shouldbe based on overall response of the plates andnot on eny single plate.
¢b

From these results, it is easy to see the importanceof multipleplate tests as opposed to a

single plate test.



7. CONCLUSIONS

• One of the objectives of this experimentaleffort was to examine the capabilityof the

Sartorymodel to predictthe plate response to coolantflow. In comparingthe experimental

• data in Figs. 18-27 with the calculatedcollapse velocity from the Sartory model, it is

apparent that they do not correlate.An opinion as to why the analyticaland the experimental

solutions do not correspond is offered.

Before any conclusions are offered, a questionthat needs some comment is whetheror not

the experimentaldata is biased or in error. In reviewing the experimentaldata, it is noted that

in general all of the ANS data are reasonablyconsistent. This includesdata from a single

HFIR plate test, two ANS upperplate models each containing five active plates, andtwo ANS

lower plate models each containing five active plates. Plate deflection in all cases was a direct

function of the flow velocity, and at a certain flow velocity (above the calculatedcollapse

velocity), flutterwas initiated. Only two of the early investigations, Groningerand Kane12and

Smissaert,13took the flow velocity muchpast the calculatedMiller collapse velocity. These

two investigationswere consistent with the ANS experimentalstudies in thatplate deflection

was a direct functionof the flow velocity, and at a certainflow velocity (above the calculated

collapse velocity), flutterwas initiated. Also, it was determinedin experimentsthat the

• entrance conditionswere sensitive variables in determining the plate response to flow.

Essentially, the flow needs to be as smooth entering the plate channelsas is reasonable. This

• also requiresthat the upstream plate edges be rounded.Since data taken by different

investigatorson differentplates at differenttimes all report similar results, the validity of their

results is suggested.

Experimentalresults and analytical models do not correlateon several points. The data do

not show a suddenor rapid increasein the entrancedeflection as predicted by analytical

models. The most critical deflection region of the plate does not always occur at the entrance

as predicted by theory. A longitudinal wave-like deflection, which is not apparentin the

analytical models, was observed in all of the experimentaltests. The maximumdeflectionof

the plate as determined by experimentis boundedby the dynamic pressurebeing applied as a

• load to the plate, whereas the collapse theory predicts unboundeddeflection.
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Consideringthe analyticalmodel further,experiencehas shown that finding an analytical

solution involving any turbulentflow is very difficult. For example, the solution to turbulent

flow in a pipe is in reality an experimentalsolutionsince prior analytical models did not

correlatewith observations.2 With the ANS plates, what is desiredis the response of the

plates to turbulent flow. To determinethis response with an analytical model, the boundary

conditions on the actual plate surfacesshould be accuratelydescribed. This includesthe

surface pressuredistributionand the shearstresses, which fluctuatewith time and are further

complicatedin that the fluctuationsoccur at somewhatrandomtimes. Crucial to havinga

solution for the plate response to flow is the ability to calculate the differences in pressures

and shear stresses in the channelsthat bound the plate. The analytical models do not include

the shearstresses as plate boundaryconditions, do not includethe time dependencyof the

boundaryconditions, do not include eddies, and do not includesome important fluid

properties such as viscosity. Based on the experimentswith the ANS plates, the experiments

by other investigatorswith fiat plates, and the experienceby all investigators in finding

solutions to turbulentflow problems, it appearsthat an adequateanalytical solution for the

ANS plates is not yet available.

Relative to a collapse velocity for the ANS plates, it is concludedthat a collapse velocity

does not occur within a velocity range of more than twice the plannedoperatingflow velocity

of the AN$.

A very importantobservationfrom the experimentaldata is that the plate deflection is a

function of the pressuredifference across the plate, which in turn is a function of the flow

velocity. At the operatingvelocity of the ANS, the maximumplate deflection expected is 6%

of the channelopening. It is pointed out that a 6% maximumdeflection of the plate does not

mean that the channelcross-sectionalarea decreasesby 6%. The plate deflects in an "S"

shape from its unloaded involuteshape, i.e., partof the plate deflects in one directionand

partof the plate deflects in the opposite direction as pressure is applied. Becauseof this

deformed shape, the cross-sectionalarea changes less than the percentage change of the

maximumdeflection.

The observationthat the plate deflection is a function of the pressuredifference is

important, because, if the pressuredifference can be determined, the plate response can be

predicted. Establishinga differentialpressureacross a plate for design is not straightforward

or easy. Sufficient information is not available to analyticallydetermine the pressure
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differentialacross a plate at ANS operatingconditions.Experimentaldata from the involute
B

epoxy plate tests, tests runby other investigatorson fiat plates, andtests run on the Advanced

Test Reactor (Ferrisand Moyers),n suggest thatthe differentialpressureswill be between

50% and 100% of the dynamic pressure. Note that the straingages on the epoxy involute

plates used to signal the maximumplate deflection also show that the strain correspondsto the

strain that would occur if a pressureequivalentto one-half the dynamic pressure were applied.

If the differentialpressuresfall in this range at the operatingconditionsof the ANS plates,

some yielding of the plates will occur. The questionof whetheror not some yielding is a

significantproblemis appropriate.However, the answer to this question is not straightforward

because of unknownssuch as stress concentrations at boundaries, thermal effects on material

properties,residualstress, and a precise muitistressyield theory. An elastic design would

allow any extra structuralhelp from yielding to serve as a buffer to alleviate the above cited

uncertainties.

Swinson andYahrt7observed that the dynamicpressureis an upperboundfor the

pressuredifference across the plate. This observationwas true in all of the ANS plate

experiments. If the dynamicpressureis used as the design load for the plate, some important

conclusionscan be made. First, the deflection of the plates at operatingflow velocity is not a

" limitation of the design. This calculateddeflection result is also evident from the experimental

data. However, it is emphasizedthat the stresses in the plate do impose a limit. With the plate

" loaded by the dynamic pressureat the operatingANS flow velocity, stresses on the order of

138 MPa (20,000 psi) are calculated. Aluminum6061-0 at room temperaturehas a yield of

55 MPa (8000 psi), a tensile strengthof 124 MPa (18,000 psi), and less th-,_"these values at

increasedtemperatures.If the differentialpressure across a plate equals t_e magnitudeof the

dynamic pressure, failureof the involuteplates is predicted.

Two recommendationsare offered to reduce the stresses in the fuel plates to acceptable

levels. One recommendationis to relieve the pressuredifference across a plate by connecting

the cooling channels.Currently, in fabricationof the HFIR fuel element, grooves are made in

the support cylindersfor welding rite assembly of plates together. If grooves were placed in

• between the weld grooves but on the opposite side of the support cylinder, the flow channels

could be connected. With this arrangement,the coolant would flow through the entire length

of the fuel element, and the pressurebetween channelswould be relieved. Ferris and

Moyersn reportedon a techniquesimilar to thatproposed here with good success. In their
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technique, the vent tubes transferredcoolant from the flow channelsto a region outside the

fuel element; thus, all fluid did not flow the entire length of the fuel plates. "

The second recommendationis to substitutea circulararc for the involuteplate. The arc

wouldreduce the stressesbecause of a differentialpressureacross a plate by a factorof 5.

The channel spacing couldbe held to 1.27 (+ 3 %).

Finally, the conclusions from these tests andanalyses are summarized as:

1. The flow in the coolant channels is highly turbulent.

2. An analytical solution is not yet availablethat will adequatelydescribethe structural

responseof the fuel plates to coolant flow.

3. An unstableflow collapsevelocity does not exist in a prototypeflow velocity range from

0 to at least 50 m/s.

4. The maximumplate deflection at the operatingflow velocity is 6% of the channel

thickness. It is notedthat this is not a 6% change in the channel cross-sectionalarea.

5. Stress in the plate is a more criticaldesign parameterthan is the deflection. It is estimated

that at the operatingflow velocity of the reactor, some stresses in the plates will be above

the yield stress for aluminum6061-0.

6. For design purposes, the structuraldeformationof the plates can be approximatedby

assuming the plate is loaded with pressurethat is equal to 0.25 pv2.
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