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WRMO:S7WCTUkW INVESTIGATIONS OF THE F~T ST. VRAIN REACTOR

yNDER oPERATING ANO uPsET CONDITIONS ●

Ct’Iarle5A. &derson, Kcrl L. Meier, and Oeboran R. Bennett

Los Alms National Ltioratory

Los Alms, b#~XtcO

ABSTRACT

This paper $Wmndrf.$!s the results of tnree tnemm-structura~ investigations of the

behavior cf the ForL St, Vraln reactor under operating and upset conditions. Tne Fort

St. Vrain (F5v) reactor is a 330 Wle Hign Temperature Gas-Cooled Reactor operated OY the

Punlic service Company of Colorado (PSCO). lhe tnree Investigations are concerned uitn

liner cooling system hot spots, with control rod drive mechanism over temperature, and

with structural integrity of the core support under d postulated loss-of-flow condition.

seven hot spot areas have been identified in tne FSV Prestressb$ Concrete Reactor

Vessel (PCRV) Liner Cooling System, which exceed the Final Safety Mdlysis Report (FSAfo

hot spot temperature criteria of ZOO*F at the concrete/liner interface under normal opcra-

ttng conditions. The PCRV is protected from the Circulating helium coolant by & tnermal

b+rrier lining the PCRV interior, and tne liner cooling system, a system of ~ater-cooled

tuL?s welded to the concrete side of the liner. OiSCOntinuitieS in the thermal barrier

and higher than anticipated heat loads produce increased concrete temperatures at the

\tner/concrete interface. Localized conditions are used in evaluati,lg ?ach of toe hot

spot area$ with finite element models.

During reactor rise-to-potier testing, the Control Rod Drtv2 Mechantsm (,CRD4) motor

temperatures were measured as nign as 226*F at 83~ reactor po~er, Tnese temperatures were

appreciably above those predicted for tne CR0f4 and Were elso aoowe Lne qualification Lest

temperature. Tne cause of overheating is ingre!s of hot primarj nelium tnto tnc refue\ing

penetration, flowing up to tnp Orifice Valve tbtor (OVM) $dpport plate and tnrougn tne OVt

plate into the CRDfl cavity, A thermal mdel calculated CRDM temperature> unicn mgra?d

quite well ~ith tne t~mperatures r?asured during reactor testing,

A postulated accident Condition is considered in the tnermelast!c itress hnaly$ts of

a FSV grdphite core support block, The support blocx is subjected to thermal StreSSeS

ced~ed by a lo~$ of forced circulation (LOFC) tccldent of the reactor system, follotied oy

restoration of partial cooling, TWO and tnree-dimensioritl finite element model~ of the

cor? \upport block were ●naly~ed for thermal Stretse}, and gave re~ultt that verify tne

lnt?grity of tht$ structural r,ofnponentunder the given accident conditions.



1. Evaluating lW SEVERITY OF ;HE FORT ST. VRAIN PCRV LINER HOT SPOTS

1.1. Introduction

The primary objectives of this study tiere to review the data for the FSV Prestressed

Concrete Reactor Vessel (PCRV) Liner Cooling System hot spot areas, to determine tne

temperature distribution at the PCRV llner/concrete interface for each area,

and to evaluate the severity and consequences of the hot spots on reactor safety and

performance.

Tne seven localized PCRV liner cooling system hot spots can be identified in Fig. I as:

o the core support floor region beneath the core barrel support structure;

o the looP divider baffle intersection with tne PCRV bottom hzad liner, side walls, and

lower access penetration;

c the h,’lium purification train crossover pipe intersection witn the high temperature

filter absorber (HITA) penetration in the PCRV top head;

● Che core outlet thermol~ter penetrations in the PCRV sidewall;

● the refueling penetrations in the PCRV top head;

● the peripheral Seal at the edge of the lower floor; and

s the steam generator penetration intersection with the PCRV bottom head.

AS cited in the FSV Final Safety Pmalysis Report (FSWl, ), [1] Sec. 5.9, the safe

opera~.ion of the PCRV is dependent on StrlCt control of its thermdl environment dt dll

time:, The PCRI is protected from the principal source of potentially damaging heat, tne

primary helium coolant., by the thermal barrier and Lhe liner cooling Lystem. The Lnermal

barrier consists of cerdmic insulation bldnkets compressed agdinst the nelium side of the

PCRV liner by Steel Pldtes. Heat passing through the thermul bcrrier to tne liner 1S

removed by the liner cooling system, Tnis system is composed of two Independent cooling

loops, edch loop consisting of water-cooled tubeS (1 in.z) Continuously welded to the

concrete side of the liner in dn alte, Jte tube/alterndte loop mdnner. A cross-sectional

schematic of the coollng tube/liner interface configuration ;s shown in Fiy. 2.

The hedt lo~d to the liner cooling system is domindted by the hedt trdnsfer dcross the

therlndl bdrrier, dnd is a direct function uf the difference between tne inlet gds telnper-

ature (k75U°F at 100% power) and the liner cooling system dverdge wdter temperature

(’LII(J”F). The hudt lodd ii directly proportional to redctor power,

l.?. ---~vfini_nyd_llot spot dlld Its CdU$(?S.—

IJnrier nurmdl operallng conditlon$, the thermdl bdrrier dnd liner cooling system

mdintdin the the IJesiyn Lemperdture distribution in the PLIIV dccordiny to the fulluwlnq

critdr id:

o the bulk cuncrctc shall IIJVV Jn effeclivp tcmperaidrt uf IIL)SF,

● tho locdl md~fmllm toucretv ttmprrdturt thdll IJd l!I(I*F, midtifi,y between coulinu

tIIIJII> at the liner/cuncrelc intvrfacr, dnd

o the Iinl}r cooling wdter diffrronl ia) tcmpcrdture ihdll nut Pnceed i!U*F,

l{o~cvrr, a hot $pot is definpd in tno }“5AH at all ar~a having a local maximum concrete

trmpcraturd uf ;!OU”I or qrcfltcr, ul}dor n~lrmal oporatiny cundit!ons, and <50’ with unly une

r’owllnq loop in [)p(!rfltl[ln, [n a(iliitlon, Amndnmnt /9 tu the FSPM stipulates that, In thn

curp quppurl fluur under tho barrel sui]l)ortI)dii, the cuollng ~Ater dlffor~lltiil lemlJer-

hluro m~y hr 40”1 , hIId thP lo~al maximum c(mcretc trmprrdturv may r-dch )!IO*I uuder normal

opfiratinq cut~ditiun. and JbO”l with UmI couling IOUII in uperatiun.



The liner hot spot areas are generally caused by a discontinuity in Che thermdl Dar-

rier, providing a loder resistance pattI Detween the heated helium and the liner/coficrete

interface. Structural attachments to the liner also provide a direct heat conduction pdtn

to the liner. Higher than expected heat fluxes can also be caused by Dypass or Impinging

helium flow patterns, or by unsuitmle cooling tuoe configurations. In eitner case, the

result 1S the same--the liner cooling system is unable to maintain the concrete temper-

ature distribution witnin design limlts.

1.3. Hot Spot Modeling,

Illthe liner cooling system analysis we first calculated tne general effect of Lhe

cooling tube on the localized concrete temperature distribution, using the finite element

code TSAAS (Ref. [2]). Tnis initial parametric study evaluated tne effeccs of tube pitch,

cooling water heat trdnsfer coefficient and temperature, and the thermal flux to tne

liner, which is in turn d function of geometry and of helium flow rate, temperature and

pressure for given reactor power conditions. The temperature distribution and local

maximum concrete temperature for a given hot spot area were tnen Calculated, Finite

element fmdels tvere developed for each hot spot, based on the local geometric arid neat

transfer conditions. Acharacterlzdt ion of tne local fluid flow patterns dllOWed hedt

transfer coefficients to be Calculated using classic Curreldtlons, thereoy producing d set

of “worst cdse” boundary conditions to act as dn allalyticdl upper bound, Loxer poner

cases Mere run prior to 100A power conditions, in order to compdre existing daLa to

.ierived results in model veriflcdtlon, A typicdl finite element model for the core

support floor periphery is shown in Fig. 3, together with computed temperature contours.

‘“4” .-——–Cuncluslons

To vdrjing rlegrees of temperature dnd affected concrete vulume, dll seven not spot

areas exceed the 200° local mdximum concrete telnperature Iimlt imposed by tne FSM.

However, the temperature llmlt alone is nut an ddequdte determination of tne severity of

edCh hot spot area JS the load cdrrylny cdpdbtllty of concrete dt elevdted temperdtur~s is

d furlctlon of tl!ml]erdture, the volume of cuncrete dffeCtOd by tne elevdted temperatures,

and the dppl ied strcs5. ~trefor~, we have Initiated tile deVe]Upln(!rlt Uf dn dcceptdllce

criturloll for Ln(,PCRV liner coollny sy>tem hot spots, based un vdrying degree5 of se#er-

ity and requ~rlng Just lficdtlon dnd/ur corrective action for hot spot acccpltmtlitj.

7. Fmir ST, Vi{AIN CL)NIM,)LROD OI{IVI.MtC}{AYIShl OVLR TLMPLI{APIRS INVESTIGATION

2.I lntroduclllm.... .
IllvFurt St, Vraln r~d{,lur l)ds J/ refuellnq relglm>, e~ch cunlalrllog d cunlrol rufJ

drlvc mrchanitrn (Ctl)ft),wllicn ,,t!rvcstu rc~roct, ,Ind huld statlundry, twu cuntrul ruil>

durin~ r~dctor upor~~lun. tm CR(MS rplvd$e dod dlluw the ruds tu fall uy grdvlty InLu

tllc ~,jr,.(Iurlng $Ililttl(lxnmfho m!cndnl>rn, ai >huwn ill‘lg. 4, Consljl> uf an cluctrlc

motor wIIlch turnfi J drum w~IIdtIIIJ IIp thd cables al .acnud tIJtllc CU!lLI’01rods. A tot Uf

pulley> qulilr> Lhc two cdb!(!~ unto thv drum and dn eicctrlc L)rJke Iluld> the drum sLJLiuIl-



capability. Over a one year time span, the CRDM was non-continuously tested in a 180”F

helium environment. lhe CROf4Motor temperatures during these tests varied between

200-230”F, and averaged 215”F.[3] W?xi!numtemperatures were found on the CRU4 motor

because of the dissipated electrical power.

Reactor rise-to-power tests conducted in 1977-78 at power levels up to 7W produced

motor temperatures up to 213”F, which was several degrees hotter than anticipated. lher,,

as now, the fundanw?ntalcause of overheating of the CROM and the PCRV in this region

appeared to be ingress of primary helium into the refueling penetration and its flow up to

tne orifice valve motor (OVM) plate. A small amount of this helium apparently leaked into

the CRDM cavity through penetrations in the OVM plate. Subsequent seal replacement helped

to reduce this helium inleakage.

Later, during reactor tests between 1978 and 1981, temperatures were monitored in the

CRUM cavities of five reactor regions by thermocouples installed at several locations in

the cavities. lhe maximum CRDM temperature meastired during these tests wds 226°.

2.2 Temperature Data

Temperature datd for the instrumented CRW4S were supplied by tne reactor operator,

PSCO, and spanned the time from startup in 1975 to Novetier 7, 1981, with reactor potier

levels from d few percent to 100%. A compendium of CRDM rectortemperature daLd for pre-

1981 tests is given in Fig. 5, fOr power levels less thdn 70k. Ddtd from 19d1 reiICtOr

tests in the rdnge of 7W1OIJ% power are also included in Fig. b. CROM rotor temperatures

are shown for orifice valve openings greater than 40X, except for the area delineated by

the box that shows data fnr orifice valve openin9s leSS thdn 15%. Small orifice valve

openings r~ise the differential pressure between primary helium and the orifice Vdlve

assenbly, resulting in increased fluw of hot primdry helium into tne CRDM :-egion. Mdln-

taining the orifice valve opening at a minimum of 40% nu?dns thdt the MOtOr Lemperoture

does not exceed the averdge qualification test temperature of 21b4F at full power.

2.3 Thermdl kral~sls...--------- -—
A thermdl dnalysis of the CROM and enviruns wds mddv lo better Wlderstdnd tile over-

temperdture proulem and to seek wdys of mitlydling it, using the hCdt transfer Compuler

code lRuMP. Ihe elements of tne c~lculat~onal mudel are sho,m in Fig. 6, The model

extends vertically from the OVM plate upwdrd through thu CRDM cdvity to the missile pldtd

and dmhient air. Ih)rizontdlly, the mudul extends from the CklDf4centerline rddially

thruugll thd cavity liner tu the PCIIV concrete, Iielium in LtletNOM CdViLy flOWS 111d

n~tirdl CUnV~!LtlL)n loop Asw.lddru dt Mu Iinur NIIJ upwdrd frum the OVA pdsl the CRIJM. A

purlfiwJ hulfurn purge flow cnturs dt tho $Wonddry closure pldte dnd Joins the natbrdl

cunvcctltiostredm. Hot prlrndryhI!llum in-lpdka~ll CIIII uccur thruuyh ttsv W~4 pldte

fttt,inq~.,join the cunvpclton slrudm, and fiuw upsdrd p~sl Lhc CRl)Mi Unfurtundtulyt lhis

Ildlllr,llGWIV@Cttoll l)lttprll ii (tlSJdVdlltd~t!OUS iIImlnhnlzing tlw WIN tcmpcratur~.

[11 tllrInmh?l,twdt 1$ rmmovw-1 frum thu CKIM rcqtun by thu wdtcr-cuul~d WV, tht!

fiIIti)~ivIL filr, Md thp h[!ltuln puf’y!!fluu, IlcalcIItQrs tm! reglun V~d cmtvecllon dnd r&ll-

ot 1o11 from lhv OVM findOVM plate, Wdl al>o rnturb via lIIUhrakc l!luclrtcal Iuhs[!s, 1101

hilllUln 111- IP, 11(, IIIP dlld ~OlldUCtlUll UP th(~ ctill Lrul cdl)] l!5, l1411Mi’lIII!I’111,11 dndlysi$ r~sull~

,lro >I1owIIIII liil)l~1 for trvrrnl cd~o;, ‘hII llA\I1 (:,l<@ ([:d\(! 1) a\\ullM*\ lIII! f[ lloWtllI)--

4 11)/hr h~lllumIJIII” IIII flow dl l(h)ni-,no hIIlIIIliurntn-l I! LSkdgI!, Ilk)=l dIdIII)IIL dir, IIWV

I:IIIMIWIO lmnprr.illlrrtIIfI.fo=land I?l”l’,find[W Ill(ltl! 11’mpl!r.ltllf’t~\ Uf //191 di M1’d’1111-l!d



during the 100Z reactor power test. lhe and]yStS predicts the CROf4 motor temperature as

199°F as shown in Taole 1.

If 2 lb/hr of primary helium in-leakage is adoed to the convection stream at tne OWq

plate temperature (Case 5), the CRDM maximum motor tefliperature rises to 212°F as shown in

in the thermal analysis results of Fig. 6. This case predicts temperatures very close LO

those measured in full power tests. However, several methods are available for mitigating

the CRDA temperature dnd were studied with the numerical mou=.. Doubling the he~lum purge

flow to 8 lb/hr at 100”F (Case 2) reduces the corresponding temperature in the CROM By

E“F, resulting in a 2°F reduction per lb/hr of addition~l purge flow. Cooling the normal

purge flow from 1130”F to 60”F redLced the CRDII temperature 7°F as snown in Case 3.

Judiciously applied reflective coatings on the OVkl and OVM plate reduce tneir thermal

input dfld can result in reducing nwtor temperatures by 24°F (Cdse 8). A thin insulating

layer dpplied to tne underside of the OW plate can be instrumental in reducing GROM

temperature by 33°F (Case 9). By both reflective coating dnd insulating the top of tne

OVM and OVH plate, a combined tedrperdture reducLion of JI°F is ootained as shcrm in

Cdse 10. Reversing tne naturdl convection flow loop inside tne CR(N4 cdvity tiith a baffl-

ing system (Case 4) can reduce th’? te,nperdture ll°F from tne bdse CdSe.

2.4 CONCLUSIONS

By usiny a modern cdlculdtlonal tool, we have been aDle to quantify the CRDM over-

temperature proDlem. It appears that CRDM temperature levels can be controlled witn appro-

priate orifice vdlve openings and can De mitigated by tne numerous methods dndlyZed dbDVe.

3. THREE-DIMENSIONAL TAERMOELASTIC ANALYSIS OF AFORT ST. VRAiN CORE SUPPORT BLOCK

3.1 introduction

Ouring the cooldown following a loss of forced circulation (LOFC) accident in the For’.

St. Vrdin High-Temperature Gals-Cooled Rcdctor, thermal sLresses in the graphite core

support blocks (CSBS) could conceivably exceed the minimum tensile strength of grdphite.

Potentially large ther:ndl stresses are possible because of the high thermal grddients

established acr~ss the core support structure dtirlng the Ll)FC pfldSe of the dCCident ~nd

during the foilowing period when thn emergency firewater cooldown (FdCD) system partially

restores forced circul~tlon, Ibis section summarizes dn inve~tlgdt ion of tfle thermdl

stresses thdt would be experienced by th~ CSds during the cooldown period,

3.2 kc~dent Scenario.-...—.— --—
The Fort St. Vrdln reactor core is helium-cou led and consists of vertic~l colulnns of

gr~phit~ nlocks divided into 3? fuel regions. Eden region nomindlly consist+ of six fuel

colu,nrrsand ~ne control coldmn and Is $uppurtud by u,)e Csil, The L$IJs dre Iousely Keyed

toqether (Fiq. 7) Lo provide uniform rj~ps of U.4 to 1.0 In. between dcljdcw~t CSds, dupclILI-

ln(~un tllu ovvr.dqe telupurdt~re of the redctor. Flyure 7 dlsu shows !Iie dlterndtlng lugs

and keyWdyS (three of edch) On the sides of the CSli, drld thdt cdch CSLI~S SUpp(JrtCd on tile

botlum tIy three 5upport posts.

Core heat rumovd] is rrormtlly accornpllthr!d by tile downward flow of hf!llum coolant

thruuqh lh!~core. At the I)ditof thu d(.ttve curd, tt’c gas 1> chdr)I)ulcI-I through the lower

rPfleCtOr CUluMflS intu the SfK C()()ldnt ChdllnVIS Of lh! CSU, L)urlny an LOFC dcct,]ent,

forced c\rculdtlon uf thr helium Is Intcrruptml. Ilctorc it cdn l~t!rostured, heat is

trdll\f@rrCd wlltlillthe crrrr throuyh conduction in tllc gr~pll{te dnd by frr!c convectlun In



differences in temperatures between regions are compounded because in low-power regions,

free convection of the helium is naturally downward, which provides a cooling effect. In

high-power regions, the flow is upward, causing the temperatures to rise.

lhe accident scenario considered in tnis report assumes that helium forced circulation

is partial!y restored by the emergency FWCD system, 90 min. into the LOFC accident. Nitn

forced circulation reinitiated, some of tne CSBS initially increase in temperature as neat

in the active core is forced toward the bottom of the reactor. Durinq this time, the

low-power regions are cooled more rapidly because the helium viscosity is lower and tne

density greater at lower temperatures, This effect accentuates the already nigh temper-

ature differences between tne CSBS. Numerical predictions indicate that the average

temperatures of adjacent CSBS may differ by as mucn as 600”F during the cooldcwn period

following the LOFC.

3.3 Method of Jt_ialysis

During cooldown, heat is transferred to or from the CSBS by the helium flowing through

the coolant channels, to the helium bypass flow in gaps between CSBS, into or out of Lhe

CSBS by conduction through the reflector columns aoove the CSBs, to adjacent CStls Dy

conduction at pOintS of COntact and ?cross the helium bypass gap, and to adjacent blocks

by radiation. Less significant heat is transferred through the core support pests and by

radiation and convection to the area under the CSSZ.

Thermal boundary con(litiol

were obtained from temperature

and were based on computations

concerning some of the critical

computations were performed to

parameters.

s for tne thermal-stress solutions for an ~odividual CSB

data supplied by the lak Ridge National Laboratory (OI;NL),

made witn the ORECA compdter code. Ber,ause of uncertainty

pWWW2terS ~n the thermdl solution, several p~rdl]~l

determine tne sensitivity of tnerm~l stresses to these

The CSB tnermal stresses were calculated in tnree ~;ucces~lvc steps, using tne finite

elemr?nt method, In the first step, two simple two-dimensir,nal finite clement models

representing the top surface of a CSti (Fig. 8) were deveioped to perform scoping studies

of the problem and to eventually help quantify the effect of asyrmnetrles in heat flow on

the stresses. The first model determined the temperature distribution in the CS8 top

surface , whfle with the second model we calculate(i the resulting tnermal stresses.

The geometric complexity of the CStJ actuall~ requires a three-dimensi~nal lwdel to

adequately represent the complicated heat flrti pdtterns and dssoctated stress fields. lhe

CSB geometry was somewhat simplified to mdke the structure cyclically Syntnetric dr}d !,o

elimlnate discontinuitie~ such as keyivay; and lugs. The cyclic synsnet?y Nas drtlficially

ubtalned by rotdting the coolant hole pattern (It)” 56,3’) relative to t.!leCStl t)otindary.

lhe result~ng finite elcmt?nt model 4S shown {n Fig. 9. The AOINAT heat transfer code was

then used to determine the temperature distribution within the CSti model for both trdn-

sient and steady-state condition<, and provided temperature fi?lds for d t.hree-dimensional

thermoeldsttc stress analysi~. Figure It) illustrates temperature contOurs dnd cu!ltOurs of

t.hcmaximum princfpal stress for one of the cases studied.

The third stco cunsld!)red tne stress concentration effects at tne CSM keyway, which

was not i:lcludcd In tne l~r.qer Lhree-dimerlsional analysis, I]yusing ‘.teddy-stdh! results

from the first two $t(!p<,to seL appropriate boundary conditions on d $,,us.rucLur@ mudel,



we were able to calculate maximum stre$ses at tne CSB keyway location. Details are dis-

cussed in Ref. [4].

3.4 conclusions

Average CSB temperature transients for an LOFC/FklCDacclde,ltcalculated By AOINATdere

in good agreenwt witn ~ECA temperature predictions. Tht maximUM prlnciPal stress in the

CSB calculated for a 1135Xpower level ~as 915 psi at tne kejway corner on tne top of : le

CSB and includes a factor frr asyrmnetriesand a stress concentration fdCtOr of 1.8 at tn~

key~av corner. lhe resulting factor of safety is 1.27, using a minimum tensile strength

of l~bO psi for graphite. This factor ts sufficient for these lo.~dingconditions because

tne tnermal stresses a!”esecondary in nature and a local failure w~uld relieve tne

stresses in the CSB. Adding to the confidence level that the CSB wi!l not fdil under

theSe conditions lr,the fdct that the stress grddiefltS dre very high n?ar the POifltof

maximum stress. mat 1s, nmt of the CSB rf?mdins dt amucn 10Uer stress level, dfld any

cr?cks that stdrt In the high-stress reyion would probdoly arrest oefore propagating any

significant distance. lhe stress levels for 72X power dre approximately 6LWof thoSe for

105% power iev~lS.
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