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COCIDOWN TO RESIDUAL HEAT REMUVAL ENTRY CONDJ]TIONS
USINC ATMOSPHMERIC DUMP VALVES AND AUXILIARY PHESSURIZER SPRAY
FOLLOWING A LOSS=OF-~OF} . ITE MOWER AT CALVERT CLI1FIS - 1'NTT )

by

Richerd P. Jenks
Los Alamos Nat ieasl lLaboracory

Movenber 29, 1904

ABSTRACT

An investigetion of cooldowm using etenepheric dump
velves (ADVs) eend esuxtiiary pressuriser eprey (APS)
following lose-of-offeite power ot Calvert Cliffe-] eshowed
reofdual heat reesoval entry conditiens could mot be reached
with the plant ADVs glone. 'ise of APS with the plant ADVe
enhanced 4epressurigstion, bhut eti]l] provided fLmeuificient
cooldown. Effective cooldown and depressurisstion wes shown

to occur when reted steadv state flJov through the ADVs was
incresned by & factor »f four.



EXECUTIVE SUMMARY

Ar investigation of caoldown using atmusphetic dump val7es (AD\) and
suriliary prossuricer sprav (APS) foilowine Joss-nf-o’'ftefte pouwer (LOSFY ay
.alvert Clitts-1 shcwed residual heat removal (RHR) entry condittiong could not
be reached wi:h the plant ADVs alone.

Fieliminary analvsie showed thet Infitial cooldown wvas sore than sufficient
using current plant velves. In fact, 1nftia)l ADV flow hed to be throttled
cunsiderably to limit the cooldown rate. However, entended celculat ions showed
that even though cooldowvn contisusd, primary pressure falled to decline. Thi.
say be a “cospression effect™ as liquid pumped fnto the priser; <o lart bv
eshe-up flov comprtessed vapor ia the pressurigzer. Make-up flov started 1in
response to low pressurizer 1iquid level, and ummoduleted, caused the
pressurizer level to rise after iaitfel eyetem liquid contractfon. The rising
11quid iaterfece, 1liks a piston, coupressed the pressuriser vepor. Once normsl
pressurizer level wme resched, mshe-up continued, Baistaining level in responee
to system shriakage. This imhidited primery depressurieation. Without pressure
relief this Loldwp 1in depressurfsation would contir.-, eshing LIKL entry
unlihely. In addition, relatively stegnent conditions fu the pressurizer wirh
reletively low hest transfer between l1iquid and vapor allows the vepor to remain
ss'urated st & high tespersture amd pressure. Thus, the pressurizer fuactions
avch g8 1t would during noreal operstion and heeps the primary systes pressure
elevated.

To reduce the prisary pressure, op.retion 21 the APS wes w®odeled.
Althougt ptisery pressure reduction wes grestly enhanced by this sissure, the
primarv <. !'down rete dimanished to a leve' tor which entrv to RHR temperature
wss unattalnsble. ADV giring hecame an joportant issue at this point. The size
vt the ADVa limfited hest removal such that secondery liquid tempersture and
rrespute had 108ched en equilibrius leve! at wh.ch > further decresse weas
foreseon. Tis wan enplained by consider!~, the mass flows (n the eteas
aencretors.

As liquid r the steam genera®or reached 'he high=level setpoint,
euniliary ‘evedwater (AFW) flov wes reducad to @alatain estoam-generator
tnventory. At the same time ADV flow responded to both secomfaery pressure
1ocrease end tlov area lisitations in such s sanner thet net ADV outflow was

reduced. A casbdination of redu.ed ADV outflow end rgeduced AR Infiuoe



.]—
significantly reduced secondary-side leat removal capat ':ttv. Thir was %

both flows coniributed to hest rezxoval;, ADV flow by lewmiving dleAm w't(l ', pt

hest content, ard AFW flow by injecting cool (300 K) Viquid. Valvesr :urre 11,
fnstalled at Calvert Cliffe were thus shown to be (neffectize uyning "nis

S e
cooldown procedure.

Various larger sizes were studied as posaible audsti: iterx for the present
valves representing increases in rated stesdy-state flow froe 007 e $9UL. The
SOCY1 increase wes more than sufficient to bring the plart to RHR entr.. In
fact, 0 i(ncressc in rated ADV flow allowed KMHR entry with{n 3 l/i hcurs -f
the tnitiating event. By contrast, 200X fncresee In rated flowv war frsuf‘ticient
to allow RHR entry, indicating sinieus rated valve flow for wHR eniry between
these two values.
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i. INTRODU'CTION

lhe adequacvy of shutdown decay hest rimoval in preaesurfiszed weter reactors
(PJ/Rs) 1s currently under {nvestigstion by the Nuclear Regulatory Commliesinn
(NRC). This astca has been i{dentifiecd as an unresolved safecty fasuve (US! A-4Y;
and o task actlon plan (TAP) has been defined to resolve USI a-4&5. Activities
hNave be=n defined {n IAP A=~4% that investigste alternative seans of decay heat
removal in PRR plants, {ncluding but not limited to using existing equipment.
Two ohjectives of TAP A-43 are to evaluate the feassibdtlfty of slternstive
acasurcs for {sproving decay heat removal gystems and asssessing the value of the
sost proaising slternative smegsures.

Previous wvork at lLoa Alamos National Laboratory has {nvestigated the value
of primary systes feed-end-bleed precedures that osuld be used if the norsal
cooling sode through the steam generatofrs wae mllmo.‘

In chis veport we gevaluste the fessidility ef operstor-initiated
stmoapheric dump valve (ALV) cestrol 88 o mesas of providiag cooldown end
depressur lzatfom following a loes-of-offsite power eveat for o Cowbustion
Eagineering (CE) plant. An investigetion of the uee of suniliary pressuriszer
spray (APS) cofacident with ADV contro. 1s also givem. The overall objective
was to detaraine vhat, {f aeny, cosbinstion of theee two operator actions could
dring the plant to residual heat rewoval (RNR) umtry conditions, 422 X and
2.02 MPs (300 °F and 300 peia)., respectively, and hov long {t would take. In
additlon, several parsmetrics {nvolving changes in ADV flow rete ware studied to
sscertatn the effect on prissry cooldown and depressurisastioan.

The central fesue for this etudy was vhether or not affective operator
coatrol of ADVe and APS following s LOSP event could bring the primary liquid to
RHR entry. Of equal concern wvas whether or not eufficient condensate storage
tank (F£ST) fnventory would be evailsbler to supply AFW during the cooidown to RHR

trangitiop perfiod. A recent Nuclear Safety cr(lclc2 predicted RHR entry for

Coalvert Cliffa Unjig=! would mccur after about 12 :ours. The asgme article
tvdicated a CST consumption time of 1 houra. Thar, the ADV v..ve sfze wap
deened {nadequete ta pruvide o 1eirnt | wados hefore CST {nventory wes
exhsusted .

The ostudy presented fn this report wee iInftisted to Identifyv, wveing
detersinistic methode, the adequacy of current Calvert Cliffe ADV aise and

proposed operstor cooldowr. strategles.



-’-

The following section describes the plant osystem: Section 111 gddresses
the technical approach followed including & discussfion of the calcwlations
verformed. The results for both casze and the ADV perasetrice sr1e given (n
Section 1V. Conclustons are given in Section V as well as recommendstions for
additionul work.

11. PLANT SYSTEMS DESCRIPTION

Calvert Cliffs-l e a Combustion Engineering (C-E) PWR operated bv
Baltisnre Gas and Electric (ospany (BGAE). Disign thermal power of the reactor
1s 2700 Mix. The roactor—eoolant cystes consists of two closed Leat-transfer
loops. A process flow ¢ gqran of the priscry system {s given In Fig. 1. The
Tesctor coolamt 1s circulated by four vertiesl, electric-sotor-driven, single-
bottom-suction, single-stages, horfrontal-die harge, centrifugel reacter coolant
pumpe (RCPo). A eloctrically-heated pressuriser is consected to ome hot-leg
iocp. Prisgry overpreostule pretectios 13 provided W pewmr-operated relief
valves (FORVe) amd epring~losded ssfety relief valves (SRVg) comnected to the
pressuriser. SRV gad PORV dfscharge s relossed under water in tiie quench tank
where the stess discharge s condensed. The tvo steam penerastors are vertical
shell and U-tube vnite rated at 2.%38 x 108 kg/h (5.633 x 10 15/h) of steam.
Stean 1is pgenerated in the shell oside end (flows vupward through weolsture
separators. The secondary-coolant systes {ies deeigned te produce atesm at a
pressure of 5.9 MPg (850 peta).

The secondary-side feedwater and stess—process-{lov diasgras 1is given in
Fig. 2. Under normsl full-power sicady=atate operacion, condensete {s pumped
fron the hotwelles of the three wmain condensers. The condensate s pumped
thtoux!. a setims nf lov-pressure hesters wvhere extraction stesm 18 used to heat
the condensate prior to its entrance into the steam generstors ($Gs). Following
a norasl reactor/rvurbine trip from full powsar conditions, the sein-feedwvater
regulating valves (MFRVe) will close und the main-fee. 1ater bLypass valves
(MFBVs) vil) open to & fixed positior (urrespunding to e 3IX stem posit.on.

The ®ain-asteam sydteds .: cunticileu by tive types of valves: the turbine-
stop valves (TBVs), the turbine-bypasr valver ‘TWa), the main-=stesn fsoletion
valves (MSIVe), the ADVe and the SRVe. 1The arrengement of these valves (n the
steam-oupply ayetea 10 shown in Fig. 2. The TSVe are used ta control turbire-
fnlet pressure and to rapidly close §n Q.25 s following & turdbine trip. The
TiVe are woed to control main stead line pressure following a turbine trip. !ne



Fig-. 1.
Calvert Cl!ffe-1 reactor—-coolamt systce.
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MS1Vs a'e required to cloese In V' S a followlug & etesm-generstor <. .a:} -
signal (5G1S). Upon overpressure couditions, the SKVs begin to wpen at 6.M9 v,
(1000 ;aia and are fullv open st /.43 MPa (1080 pelsa). tach LRV Iy capaile of
reliaving 76) kg/w (6 » 10 1neikY saturated stear wil! an yUPSITeAd preuw ¢
of 1.« MPa (1UBU pets). Thc AD\s are trip-activated and ontralled by 11,
averas ¢ reac tor temperature. The are designe te  apen frllovw!t N
reac: -t urbiune trip when the asverage reac: 1t temperature en(reda 9% & (514

A rocess disgran of the prisary sake-up and letdown ayater s piver |
F1r. 3. DLuring steedy etate, makeup/letdown (cherging) flowv is finterted ¢
withdrawn to sainta!n a specified level in the pressur! rsr. 1f the pressurize:
level drops more than 0.23 @ (9 in.) below its esetpoint, the cia ging flow 1
injected at s tonstant flow vete of 3.7 kg/e (7.0 1b/a} fnto one cold lep of
esch loop. 1f a safety-imjection asctuatiomn eigmal (FLlAE  occurs during the
transient, charging flow fa fincreased to & comstent rote of B.. 4a/e (18 Lbm/s),
independent of prisary syestes pressure. These positive displacenent pumps drev
wvater from either the volums control tenh or the boric ecid etorege tenhs.
Letdowr. water flows through s rtegenerstive heat emchenger, a letdown heat
exchanyer for further coolirg, snd then undergoes s cleanup and discharpes to
the volume control tenk.

The Calvert Cltffe-l safetv irjection (S1) systes includes hilereonmracs vy
fniection (HP1) end low=preasure fnjection (LPI1) cepedility as ~ell as charping
flos and safetv injection tenks (“1Tg) of sccumulation. The S1 avsten 1.
inir 1ated vhen efther the pressuriser pressure drops belov 12 MPa (1740 pat) or
the conteinment pressure rises above O0.028 ‘IPa (& peig). The MNFl gnd LPI
procees flow dispres 1e given In ¢#1g. &. Upon Sl initiation, both the LF! an!
HI'} puape ' re started. The HPI cen'rifugal pumps have & shutoff head of R.A Mia
{:27% paia). Above this prersute, only charging flow fs poeatble. Four Sila
ate ptauvided, oach connected tec une aof the four reactor-{nlet Iftnex. tav. tark
has & volume of 5.6 @) (2000 ft ') uf borated wate- at tefueliny concentrati o
and 0.3 w' (1000 €+ ') f mitr gen &t . %A “ra \ . Lufgs  In the evert oo
la.p: l.es ! reoolant acridenty, ' v svver e forced fnato tPe primary
syetes by the enpamsion of the ~ttrogen. e wa .r {rum three tanks adcequately
conle the ontire core. DBnrsied water fp »slec 'njected into the primarv svetew
M rw LP] end up to three HFl oumpe Laking suction from the refueiing vate
o 1age tank, Mnlyv twe of the (hree HP! pulps are sutoeaticrglly started unn

teceipt of a MSAS. Por rte, 1ab.lity, the deslpn capaclty from the FLERERTR
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opuration of one high-pressure aid one low-pressure pump provides adequate
fnjection flow for any loss-of=ceclan! accident. 1In the event of s design-basis
accident . at least one high-prersure and one lov-pressure pump will receive
power fros the emergency-power sources If noreal power fes lost and one of th
esergency diese] generators i{s aseaumed to fefl. Upon depletion of the refurling
veter storsge tank (RWST) supply, the high-pressure pusp suction automaticulls
transfers to the containment pusp and the low—pressure puaps gre shut down. Ihe

high-pressure pusp hae oufficient capacity to cool the corc adequately ot the
start of recirculation.

111. TTCHNICAL AUPROACM

Lose-of-eflsite pover (LOBP) initietes the accidemt for each case with
accompenying turhine, ®ain feedweter (MFW), RCP, ond wmain coendensate booster
puRp trips. AFY {0 asovied to b2 eveilable throughowt the eveat, sad the ADV ea
esch stean gomerator “yuich epens”™ shortly after emergency dicesl pownsr tnoeamee
sveilable. Primsry letdowm and PORY relfef are disedled o0 precsure and
inventory reduction msthodn to fecus on the effectivencss of the secoadary-side
cooling metnode. in additionu, S1AS is sssumed to be disabled by the operator in
order to sllov depressurizstion belov safety injectiom setpoints. The wake=up
flow provided by cthe charging systes i ovaileadle and functions to add prisary
fnventorv as the eystem ¢ocols. The charging eystea is assumed to deliver
3.2 kgia (7.0 1b/8) into one cold leg of each loop throughout each transient.

We oexamine the ability of the etsoepheric steen dump s7etem to cool end
dopressurize the primary ta condftions at which the ghutdown decay heat removal
heat cxchangers can be uvhed to place the plant in o etadle, long-ters cooling
wode. The liaftiry condition fur operating in this wmode f¢ 422 K (300°F) with
respect to tespersture. The operating pressure for the RMR eystea {s 2.08 MNPe
(JOU pgla). We ansume that once the RHR entry conditions ete reached, the
opersturs would initiste the RHR pystenm and lonp-tern cooling would Be assured.

The [ollowing esections {dentifv and deacrihe the calculations pe:formed
the computer code, and the planl wodel rvaed
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A.__Calcuietions Perforaed

A totel of five celculatinn. were performed to engmine the effectiveaness
of tne stsospheric steam dump sysies in coo.ing and depressurizing the Cal-ert
Cliffs-)! PWR plant to RHR entry conditfons. The {nftiating event (n eacH case
was LOSP. Case 1 sssumed use >f only ADVe and #FW to provide secondarv-side
cooling. Both stesm pgenerstors were avallable and SRVs on each responde“ .
drief initial pressure relief before ADVs were sent ihe quick opeu signal. No
parasetric studies of case | were made.

_ase 2 sesumed additional operstor action in the fore of APS inftistion.
In this sirustios the operator msoduleted APS flow to control Jepressurisetion,
ATW flow to control 3G level amé ADV flow to comtrol cvoldown. Bu.h %Cs were
available fozr this case as wl). Three paramettic etufiee of Case ! were
completed. Case 2A sssumed ADV capecity we incressed 200%. Cases 2B ond 2C
assumrd ADV capecity tncresses of 40CL end 3008, respectively.

8.__ Cosputer Code

The TRAC=PF1/MOD] computer coced vas used te porfore the calculation. The

specific codc vereinn used end summary description eof this co'e are providea In
App- A.

C. _  Plant Model

The ®cdel used In this estudy was developed for emd firet applied in o
study of potentiel pressurised thersal shoch tramsfents ifa Calvert Cliffe~]) PWR
plan(.‘ This progras wes & sulti-orgzaniszational progres In which severesl
organirations Including C-E end the plant owner, BG4L, participated. A suemary
description of the plant wodel, in luwding noding disgrass, fs prorided (n

ar [
HE .

1v. RESULTS

Reoulte for Case | aore provide, . Astal! as plart vesponse s {lentical
up to the tine of opetetor ectfon. The firs. oper..or sction occurs A0 ¢ (10
oin) ofter the {inftiating event. Figures wil! be provided feor (ase | and
veposted 1.1 the ressining cases. MNowrver, the discussions for the remaininy

cason will bo sbbreviated and will eaphasise how the remeining caeses diftrr.
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A0 event sequence for our analysie ‘s given in Teblr !. Beginring wi-

che 10SH inttiating e.ent

simunlate the plant

1000

transient .

It response, the react-r

TABLE ]

CASE | EVENTS

Event

LOSP event

Reactor trip
WV Pump 11 erip
NN Pump 12 trip

MFW pump |1 walve closes
NF™ pusp 12 valve cioses
Turdine trip
MFw pump 11 valve trip
NFW pusp 12 velve trip
Resctnr coolant pumpe 14&
Reactor vnolent pumps 24

ADV trip eignel

Lime 2efo, a serfer of trips were wmde,ec

and 8ll]l four A

ond &4 trip

and 36 tri;

but action delaved 4.4 ¢

TRV trip

ANMe quick-apern afre:r 14,

Abed esctuatl! o slgnai

S a dolay

AFW deliveisu to .22 (loop A)

AFW delivered to §Gl2 (loop B)

END N1 CALCULATION
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pumps trip om the primsry cide end bot) NFW puspe and the turbine trip on the
secnndary side.

After sufficient time has passed 10 allov emergency diesel generastoras tc
power up, ADVs oa both etess pacneraiors “"qQuica op~n’ and andulaste to salntain
sverage reactor coolant tempersture at norsal opereting value.

Yo operator action is taken unti] 10 sinutes (000 e) after the inttfaz:ny
oevent per ANS] W60 that eetablishes the msinfeaue time Borpin that shell elaps-
froa the event {njtistion and alare until operstor sctions cen be considered ¢
inittation of safery fusctions. Ar thies time the operator manually activates
the APV punps to provide 20.61 hg/eec fiow to each stesm generetor.
Approxzinstely ! stowte leter (ot 660 o) the operator degins centrol of ADVs on
both otess genereters to Gtart the ceoldewm precess. As additions] operatcr
ection 1s modeled after 12 wimuges (720 s) which allows comtrol of the deckup
pressuriser heeters te msimtain subcooiing mergin {f it fells below a gtfren
level.

At the onset of this snslysis, it wne speculated that agareseive secomdary
stesm generstor cooldown, lisited orly by sucessive cesldown coasiderstions,
would be sufficient to echieve RIR entry without the aeed for APS. This seemed
credidble bdecouse rvecent C-L calculetioms, éiscuesed in CEN-239, showed that
ssall bresk loes-of-coolant eccidents without high pressure injection could be
sitigate by repid. aggressive secondary side cosling.

The cooldown capability of Calvert's AlVs §s demonstrated in Fig. 3,
wvhich chove the covlidowa rvate vith ADVs full open. Ve found there was encess
conldown cepability, indicoeted by the fect that cooldowm had to be limitad te
100 °F/hr to reduce the chance of overcooling and possidle damage tc the resctor
vessel. With ADV flowv controlled on e coocldown rate of 100 F/hr, primary end
secondary coolant tesperatures drop s« shoun in Figs. & and 7. The sodulation
~! ADVs by the operstor in respomse to fluctustions in cooldown rate 3o evident
after 660 o. Deofore thet tise, cooldcwn (s the reault of coadined offecte of
drop 1 reactor pewer and the initisl auic* upen tesponse of the ADVe.

Pressute, ou the other hanu decr wot decveqve. Prisery end secondary
prescures ote doptleted in Fig. 8 which (ndi-ote., tn faet, o alight
reprogsut 1sstien effect. This dees nnt follov the spe.vleted cturse envipioned
esrly on, even though secondsry depreseurisation (s very evident. -
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several explanatfcas ¥or thie hel:avior ave possible. One s that, duc .
the relatively stagnent conditfons in the pressuricer, little hest trancler (s«
sade between the 11quid levels snd 'he vapor. The consequence of this 1s that
the vapor remsins saturated at s hicsh tespersture snd @ corresponéingly hig-
pressure . This acts to esaintain the pressure in the systes, ®ucl as the
pressurirzcr tunctions during norsal opreration.

In eddition to the pressur:tatic:. effect. Fig. 9 tndfrates (ha! e
effect ! a rising water level 1In the pressuriger wma+ contribute ta o
“comprersion effect”™. As the level incresses due to primary inventary sdéitions
from wssreup flow, the vepor shove the liquid in the pressurizer undergoes
coapression with subsequent {acrease in pressure.

ne of these sechsnisms way be wmore important than the other as
contributor to the tepressurisstios chesrved. It is mot clesr without further
snalyeis vhether or mot elisination of sekewp flov duriag this period would

allow the prisairy te depressurise.
Of particulsr coacern in any analysis favelviag AFW {g the depletion of

*he (ST {nventory. Figure 10 shovs liquid ®sss in the C3T compsred to the

. - o M o g
arme——— oW 1
“ seimcenes qumd )
| ro
. $4 ..‘.._..“ P ...'._..'_.-.‘------o: -
—~— "'_"
L J l : i
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Fig. 9

Pressurizer (! apsed liquld level, Uase |.
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CST liquid inventory, Caspe 1.

original 1inventory. Since AFW s injected at & constant rate during the
calculation, there fs & linear deiresse In mass.

T¢c project wvher the ST would be draf . ', we draw froe entended
calculations for Case 2 (to be di{ecusred) which {nu.cale ADV flow way stabilize
st abou' 1 hg/e. This (s fin responae tn reduced energy removal requiresents as
well as de-reased ADV flow rate with reduvced secondary side pressure. This {8
rartially offeet by the decreased A'Y flow Je throttling occures upon resching
nran penerator high-level point. Bv the time throttling occurs approximately
2P tiel. b g urte removed from OST. with Javentery being wsintained after that
polnt, we can gesume AFW [los will asuunt te 10 kg's per steam genetator. With
abuut 799 160 hg rewmaining, spproximatcly o 00 1,1 hre) sdditional would
be required to deplete the (S1 jnvent - rv,

Mdi:toual <slculatio s could Le w1 rme tiich eight indicate o Slos
depressurization and eventual drop tro RKR e v withoul APS. Nowcver, due to
the ohbseived pressurisration and compression effecta, [t wes deenrd more
eccromically feasihle to pursuc the case invulving operator-fnftisted Ars 1o
proscte depresgutigation -t the prisary. Since ali RCPs were tripre' M

logs-of-sc-power, flow wes malrtained only by natursl circulatica. Ascng the
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imaediate acttions llsted {n the LOSP emerpency operating procedures ([OFw) -
Calvert Cliffs 1 end 2% ere the following:
1. 1Insure the: all full-lengih control element asserhlies (CFAs) arec fuliv
insertes into the core, the turbine has tripped, and the penerator
vutput , gpenerator {jeld and exciter fleld bdreskers have tripped.
2. Verify that the diesel gencrators have started.
3. Stcep condensate pumpe, condensate booster pumps, and heater draln
pukps .
Thus, the operatnr s instructed (o check for reactor shutdown, fnsure that
bachup electrical power will be availsble for important saefety equiprent, and
stop condengate flow. No further operator actions were constdered until 600 g
(10 win) following the initiating event.

In summary, the ateospheric eteem duap procedure was found to bde
ineffective in cooling the plant. When the operstor inftisted the procedure o
600 s, initial cooldown wae very satisfactory, but primary pressure vas held up
by pressurizer vapor compression effects. Continued cooldown only incressed the
degree of subcooling with depressurization to RHR deewed unlikely. In the next
section the effect of operator~initfated APS to reduce rrigary pressure s

invest lgated.

3. __Cane!

The event cequence for our asnslysis f{s given in Table 2. The LOSP
fr.itisting event occurs st tise gero, fcollowed by trips sodeled Lo siaulate the
plan® transient. In reeponse, the rcactor snd all four RCPe trip ou the primary
ride sand both MFW pumps and the turhine trip »n the wevondary mide.

After wufficfent time has [acsed 12 al:'w cmirpeni. inael rpeneratera to
povwer up, ADVe on both stean gencratore gutck open’ an! medulate (v maintafin

average reactur cuolant temperature al ne mal - perating talue.

The diffetence - tween this .ane and Came . .o dearils the atlittonal
operator cuntrul of AP8 to @llow pramarv e wurc ot ton To provide a imple
approx{matian to o "e 0r (.4 o nme, A e - v after J2U0 @ (1) min) to

saintain 1Y.9 to 16.7 X (2% to 3¢ b)) eubcoolin,. T-.e onlv vther lieit placed
on APS cocutrol was that ao APS could be (nittated wvhen preasurfizer Jevel (an

weasured by pressure differentfal) wau ahove S.46 m (17,9 g1,
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Als.., to provide & simple ap,roxtimation (0o cperutor hehgvior, when APS 4y

required, the makeup flov wes turned off, so that full svaflebir mabkeu; (1
available was diverted to the APS.

Previous siailar -nalyuu6 st .o Alamox fnvolving eteam gencrat - oo
Tupture studfies showed drasatic pressure decreases (aujd be fnduced - 1
pressurizer with very lfttle spray flow.

Because the condensation mode! .n TKAC requires liquid veloctitive ot
boundaries In eucees of & m/pec and ro depressurization calihratfnn has teo -
done, the A¥S inlet flov area van adjusted to ailow a 1f{quid velor Ity meel in;s

the criterion for the condensation wodel.

The cooldown capability of Calvert's ADVs 1s again demnnstre-ed in ligs.
11 and 12, which shov the cooldown rates of primary and secondary with AUVs
modulsted to produce & primery coolant cooldowa of 100 F/hr, The modulation of
\WUvs by the operator fo response to fluctustions in cooldown rece s evident
after 660 s. Before that time, cooldown fa the result of cosdined effects of
drop 1n resctor power and the inftial quick open response of the ADVs.

As eupected, APS inftiateo «fter 720 3 in response tn high subdcooling
(high pressure) produced a rapid depressurisation as shown in Fig. 13. As in
Case 1, the prisary pressure initislly drops very rapidly {n response to rapid
svsten conldown and contraction snd concurrent with the drop in pressuriter
ievel. tntil {nftiation of AI'N injectiou at 720 ¢, the pressure follows the
press:rizer liquid level, increasing with liquid level increase. Following AFs
fnfttatian, prisery pressure s reduced from about 1% to 8 MPa (2176 tc 1140
Pefa) 1 appronimately 600 v« (10 afn).

Ter dosired reductfion fn p'imarv pressure was achieved. However, as the

travajer progressed, the coeldown 1ate dinintshed to 8 level for which entry to

FHF o~ v tute was unattalnable. APV wiring became an (mportant (wpue at ' hjs
probnt, Ve alze of the ADVa limited heat removal such that se.ondarv 1ogatd
ted|wraturte and presaure had r1eac™el an equi.fhri m level st whi. ) e [arthes
docreane was foreseen. This waw enpla’ . by + uni 'ertng the mass (] we 1 10y

steoam genetatoure.

As liquid In the steam penerator roa et the high-lew 1 setpotet,
apvrroramately 81% g, Al tlow  was ioduced  te msintaln  etesm penerat ot
fnventaryv. At the rame time AV 1 low responded 1o botl mecondsty pressorw
decrease and flow srea limitattcar v av h a sanner that net A\ 0 - 0) = -

retuc ed. A cuoebdinat o, ul ted o} ALY ot f low and v o A n
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C\ v 2 EVENTS

Time (8) Pvent
(VU LOST event
(U] Reactor trip

Wrw Pusp 11 trip

N Pusp 22 trip

MFW pusp 11 valve closes

MFW pump 12 valve closen

Turbdine trip

uFs pusp 1l valve trip

MIV pusp 12 valve trig

Reactor coolant pumps 16 and 44 trip
Resctor coolant pumps 24 and Y& trip

ADV trip signsl
but action delayed 14. s

0.9 TAY trip
1e. 1) Alts quich-open after 1+.9% a delay
6n0.9 Alw actustion signal

AFW delivered to SG22 (loup A)
AFW de'ivered Lo SG°? (lnop )

12). APS an

.o ae velter?

11 %00 END OF CALC T ATICN
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Primary snd secondary preseures, Case 2

significantly reduced secondary-side hest resoval capadiiity. This wss bdecause
both flows contributed to hest removel; ADV flow by removing steswm with high
heat conten:, and AFY flov by injecting cool (300 K) liquid.

Flgures 14 and 19 deplct the pressuriser liquid level and the CST
fnventory, respectively for thie cese. Valves currently instelled ot Calvert
Cliffs were thus shown to be inelfective uaing this type of cooldown procedure.

C. Case 2 Parasetrice

Three parsmetric otudies wing Cese 2 as the bree were vo®pleted. In
these studies varieus larger ADV siges vere studied an pussnible substitutes for

the present valves representing increas.: 1+ vated atoad, ~stote full power flow
from 20T to %00%,

1. Coer 2A.

For the case In which raied eteady-stete full-power ADV full-cpen steam
flow wes doubled, the primary pressure reduction cepability incressed. The
prisary cooldown, however, was held up by sucendaty liquid cooldown limitetions.
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Pigures 16 snd 17 ehov primery end seceadary 1liquid teeperstures for this
configuration. APV was throttled later than fer Case 2 becewse larger ADV flow
ares allowved more 3G inventory to be removed, postponing the AFW cutbsck.
Figure 18 oshows primn-v and secomdary pressure. Since the eecondary licutd
tecpersture leveled off at o value higher than RRR entry, cooldown would not be
be sufficivnt to allow guccessful prisery liquid tempersture reduction to kMR
conditions- Behavior of the pressuriser liquid level {e ehown in Fig. 19, gnd
the CST inventory is given in Fig. 2.

2. Case 28.

Resulte for this ceafiguretion vith a 4008 faeresse fa rated stesdy ostote
ADV flov demsmsttatied thet eoffective ocecldowa to RER eatry cevld bde echieved
viehin 3 172 houre of the iaftiating event. Figures 21 asnd 22 shev the primary
and oecondar, te.peratured, and Pig. 23 givas the prisery esd cecendany
pressures. Prosswriser 1iquid Levul o given ia Pig. 24. The COT fuventery fo
shown n Fig. 33 and confirme the availability of ourplue ceelant for APV
fajection.
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Presouriser collapsed liquid level, Case 2A
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Ai. allltinngl calculstion was perfeimed with ADV rated steadv-state flow
frireaved v %008 of present value to bracket values used (n & previous hand
caleutation.® In the hand calculation, Milistone Unit 2, which is another CF
Pp.yt of gleller vintage, was found to be capeble of RHK entrv with b,th ADV

crabic 0 hers after the nltia: 1y event. The 4001 and %00 flow increase

o w0 A ted Ut apprecitate]lt tirgoket the M{llatane confipuration with

re et ta ANV flow.

EKE enttyv occurred at abait '.. houpm. ligure~ 26, 2] and /8 geive the
« - ldowr At depressurisation Inf. raatior Vien: (isrt leve! Iw Indiiate! fo
Vg 2y, Yy, ah v - 7 v : ' oaren suffscrent o lant

avallable fur AFW operation.
" arigon to RNR entryv 'foe [ M. llstune showe the TRAC value t be
neet hy about 1 hoyr. Conatder (ng the differences betsern the platn ' the
stode emplaoved, the eprecament 1, ad. It ahoalt Ye nted thnr v Mo
cal vlartion neglected esernalble toat e al which ey 1epresent a oagpr (I

parv' o' the energy removel requir-nentae.
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Secondary liquld teaperature, Cree 2C.
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%w¢ believe that there are aeveral eadditiona! studfes that desrrve
cons'deration. Studying the effect of elimination of eskeup flow for Case ' .o
sllow possible depressut fratfon wmight be worthwhile. Although the long 1er-
depiessarizatfon mav stil] be fmp-ded due to the fact that the operatar muse

sairtain rressuricer level at some specified value, the effect of reduce' makeuy

could he studied. ihe results woild Indicate the fmpact of reduced mabew; 1)
o deprecsurization.

Alsu, a stuldvy to deterxr'se the effects of using letdows and thr tie!
gnucup {91 Case 2 would provide valuatble information. Since primarv cooldow. e«
feportant, this mode of limited primary cooling would allow & reduction -
pressut izer level. With pressurizer level decreasc APS {)ow could b increase!
(subiect to eubcooling limitations), and theredby add cooler APS water to the
prisary systeo.

Trere has also been some speculation that RHR entry aight be possible
vithout APS, but with the greater ADV {lows exsmined in Case 2B and Case 2C.
While this seews unlikely, based on tase 1 results, TRAC calculattions could be
perfcrmed to simulate this condition carily and provide much tnefght (nto ADV

siziny rffects on the primary system.
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APPENDIX A

TKAC VERSION

l. TRAC DLSCRIPTION

The Transient Reactor Analy«is (ode (TRAC) s belng developed ot the Low
Alamos National Laboratory under the sponsorship of Lhe U.S. Nuclear Rep.latoc:
Commission to pru-ide advanced besi-ecot funate predictions of postulared eccidents
fn light-water reactors. The TRA(-I'F1 code provides this capability for PWie
end for wmany thetsal-hydravlic experiwentsl factlities. Some distinguishing
characteristice of THAC-PFl gre summariszed herein. Within iset:iciions lmposed
by coaputer running tises, sitempts are baing wede to incorporate atste-of-tlhe-
att technology 4n two-phase theres)l hydraulies.
A. _ Vertadble-Dicensional Fluid Dynasice

A full chree-dimenaionsl (r, &, 8) flow calculation con be used vwithin the
tes tor vessel; the flow within the loop coaponents (s trested one

disenslonallv. This allows an aeccurste calculation of the coeplex
sultidicensions] flow patterns inaide the resctor veseel that are ({sporten'
during accldents. For exsmple, phenosens euch as ECC downconmer penetraetinn
during blowdown, aultidimensional plenun and core flov effects, snd upper-plenua
prol formation end core penetraticn during reflood can he treated directlv.
Howevet, e one-dimensional veesel acdel wmay be constructed that allowvse
tranalets to he  caliulated verv quickly beceuse the wusual tiwme-ster

testrictions are temuved by the npocial atabiliring numerical trestment.

B, * nho® .pencous, Nanequtltbriar ade! ng
A ftull twe=fluld (el -equati--n) t 'tai'vnantices aodel describdes the atear-
water (] v, thereby allowlo, tng 'rta phe meng auch aa counter-current [l w to

be treated explicltly. A strovifted-tl w rogine has heer gdied 1t the one:
dimgn: i na! hydrodynami: s, an' a ae -nth fleld e v ton (mans balsnce) describes
8 nuncon'‘enaahle gan fileld.
C. tHlowv-Feglme bepad- i1 ettt ©oteagte ackage

The therssi-hydraulic equattinne dee (ibe v.th the treni ‘er ol Mass,
enetgy, and aolentum hetween (he atosm-water phases and the (nterection ol theer
phasea with the eyestea siructure. Re aunr Lhese Intera tions are Jdependent on
the fins tpology, o flow tegime Conendint constitut lve equativae packaye ha

heri. incorporeted Into the (mle. Altnangh thie package wndouetetly wtad o
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taproved 1o fulure oty verslors, arfesscec’ oat o Lallevns performe: o

1ndt fate that mary (lew comtittors o be handle! wivguate®y wit) b

(TN
HR Corprenenntive Mear Iranets: EEER P I
Ve TMAL L g pvam proveSen el At al Ltaretey pe At vaen B0t

vessel ant fer the loop companent - ITTIN RYTLVICLEN Y NP (PP | PR I .o
treaimwe - ot fTucl 1o beat cofuctt ettt Panan "Ine om0 qe2 nf o, v [
Vorrtooh s fleed and failing 1Dt e i s tes e tw o ppaneter [, oY,
HEYT IR B at!l troe vher wsvstem -t v tern fw cals Tatel ullyy 1oow g ,
dependi -t heat-rravstcr coertficlenta obitained 1fom A yeaetalize! It o o 1o

Lared o lacal conditions.
¥ fensistent Analysis of Entire Accideant Sequences

Ar  Important TRAC feature s 1(ts ability tn addresa entife a ¢ fidsry
sequeres, including computation -f Inftial conditiona, in & connistent aund
conton e calculeation.  tor cxample, the code models the ' wdovm, reif1.), nnd
reficol rtanes of a LOCA. In addition, stcadv-state eui.tlons provide self-
sonstsient initdal conditinne for :''sequent transient caslculetions. Both

atead. o' vte and tranckient cal-ulations an be performe! (n the sgme run, 1f
denirgd This wmodeling eliminates the need for calculatio: by different codes
1t avav2e a glven accident.,
'. t =;mnenl _and Functionai Modularfity
te FAL progran 1a completely mdular. The components in a cai.ulation
et woen e through fnput deta: e ‘lallle camponents allow the Lser to m-del
e, vy FaR dedigr o1 enxpelimental configutatfon. Thia gives Thao preal
et 1t e application to vetled 1t hlems. 1t alan all.wae compoinent modyles
. v et medifled, or alled withour diaturbing the remajnder of the cuade.

wronest o maduies . vrenl i b Lade accumslatatre, plpes, preecarjrers,

- neogeierat - Cega valie 0t (radeiw Wl amsor fate!' Internale
ewe 0 Leoar V. oy plecvas | ety

fhpraR ela- LY R ' o thar (o, ®AN Y Avhele of

Yie WAy s une Ale pett vt Ser v ey LN v svample, the ha., ne
e chieeey LR G I . .- U ~nti lempetalul: e
a .t s grrtthe, heat travmt a0t v, A other funct jane 4ne
RN BT TIR . e Al ale TR ' vt L. - . v g-vomagd  hy L | el oAt
LI A T N LY EE T S ' B o e wppe et gty A ' .
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1, LY SRR (1Y

The TRAC version used In this study was IRAC-PFl, verefan 1}.¢.

111, ISP Y FhRS
The files necesmary for rvecreating the TRAC results presaerted in 1y

re; r° nmiv ntored on the tol) ‘wing Los Alasos Nat jonal Laborstory nodes.

Asrerhiled (nde:
*AeS/CALVERT/LOSP/CODES/TRAK] 1 6
Steadv State Input:
1 A&S/NATC/CALVERT/STEADY/TINSS
Transient laput!

All transient input files ar. labsled TINRETX where X fdentifies the
number of the transient input deck for s given cese. For emample, TINRST2 1
the second transient fnput dech used. A letter followiag the mumber iIndicates
sodified deck (modeling change, input change, etc.). The cese files are:

1. Case 1 /A&Y/CrLVERT/LOSP/CASY. )
2. Casc i /A&5/CALVERT/LOSP/CASE2
J. Cone 2A /AGS/CALVERT/LOSP/CASE2A
4. Casce 2B /ALY /CALVERT/LOSP/CASE2D

. Cane 20 FA&S/CALVERT/LOSP/CASERC
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APPENDIX B
THI TRAC-1) i MODEL. OF CALVFHT CLIPFS-|

ThRA, ‘TFl fa & best-gatimale f{infte-difference computer cude caj.™le
sadeling therssl-hydcaulic transients {n both one and three diment;nns. ihe
code anlves the full set of filcld enuetions for mase, mosentus and enerpy
conservition for both steam and liquid. The Calvert Cliffs mode) nade ful! use
of the capadilities of TRAC~PF].

Calvert Cliffe/Unit 1, located on the Chesepeshe Bay in Ma.yland, began
operation {n Jenuery 1975. Uaft 1 has a 2 = & loop errangesent: twe hot leas
and two steam pgenervators with four cold legs end fowr Peector-coolant pumps.
The piant oparates ot 2700 M.

Frosm & PTS standpoint, the felloving are importest festures of Calvert
Clitfa-

1. the HP! pumps have 8 low shutoff heed of 8.9 NPa (1270 paig);

J. the charging=-flov pumps are positive-displacement puaps and are
capable of pressurizing the primary aystes to above the PORVs pressure
setpoint;

1. AFW flov s valved out to the lower-pressure 3G when a pressure
different 1g) grester than 0.8 MPs (119 petla) enmfsts between the two
Cs;

~. f(solation velves on buth the feedwater lines and steamlines {fenlate
Loth 5Cs 11 & low pressure of 4.6 MPa (03) petg) 1s sensed in either
SG.

“. the tw 9%Cs have relatively large 1iquid faventoriea (107000 kg
(22% 00 1b) at HZP and 63000 kg (132600 1b) ot FP).

The Calvert Cliffe-1 TRAC model had severa' .valutfionary ateps during it~

devalopment. Most of the chanars remuited frum plfarta to laprtove the mole]iiy

of variwe syetLes curiwnents suh 1o he Ntg a e presawt fger. The foliowing
doscribes the curvent suvdel of Celvert Cittra |
A Primary Side

Yigure B.| shows the TRAC nuding diegram «f t'e primarv slde. lalle n !

gives the metal wateed for the prisary sveres that weir uned In the MU aouted
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1. Vessel. The reactor vessel of Calvert Cliffs-1 was wmodeled
three-dimensionslly with twelve anfal level, two redfal rings, and eiv theta
seguents. Tha vessel sosdel tutaled 1é& calculational-aesh cells.

a. Radial hings. The veasel was divided into twu redfal rings, es showm
fn Fig. 0.2. The fnner ring vepresented the core region, lncated vithin the
core~suppurt barrel. The outer t1ing represented the annular downcomer region,
loceted bdetween the vessel wall and the core=support barrel. The vesnel wall
was @odeled as & heat slad that Interacted with the flutd in the vessel bt {1
did not ocrupv sny of the volume in t!+ downcoser.

h. Arimuthal Segments. The vesse)l wae divided (rto six svmmetric
stimuthal segsents - ofe segment fur each penetration (feur cold leps and twe
hot legs). All oix penetrations are lo ated st the same elevation (level 9 in
the TRA( nnding diagram shown (o Fip. B.2).

¢. Arynl Levela. The veswe:. vas 'Ivided Into 12 anisl sevels. Using the
bt I "ve vegssel av 8 relerr ¢ point, the tep of the (ltet Jevel

“iev: wde ' ot the Mokt m of the vare suppert hatrel. The top of the pecond
ievel « trenponded €t the hatton .t the fuel column. Hewie, the bottoe end
tivrinp of cact fuel essrmbly was located (n lovel 2. The active core hefght,
L mali.e (1), wan divided fne. five cqual ad.4a) ac-tones The gas plenua ol
ea.  hwi and and the « v e Hirtlng ( w “w]l esaembly were lniaied in
ieve! N, "1e top of level M van 81 the eagme he . xnf a- le hottos of th: 1ot lep
revecrratien. and the top of Jevel 9 corresprended 1o the top of the hat:leg
Persttatio-e, ke sop of level 10 war at an elevation sliphtly ahave the .| ot
t's tertr e lome. assouhly (t1tA) grid-sunport plate. The top of leve! i!

reapnded to the top of tte "'A ghrouds. The (PA mhrouds eviende!



Fig. 8.2.
TRAC ~nding dispram for the reactor vessel at Calve-t Cltfeg-1.
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spproxivately 1w (.28 ft) (into the upyer head. The top of level 12
corresponded to the total vessel height oi 12.% @ (41.) fu).

d. CFA Shrouds and Bypass Flowe. In the reactor vessel, a smell portinn
ot the total flow (-~1.92) goes through the CEA shrouds lncated iIn the upper
plenwm int the upper-head region and ts referred to as bypass flow. The flaw
tecirculates bhack into the upper plenun through 19 small holes located (n the
CEA trid- suppart plate. The CEA shrouds were eodeled tn the TRAC fnput decd
uslug six pipes =~ one for each of the aixn szimuthal segaents in the upcower
tegion.

A small bypase flow (~.1%) occurs between the core~swppwrt bdarre)l and the
upper head at the keyways at cthe upper-head matiug surface. In sddition, s
small bypass flov (~.6%. occure 2t the matiag ourface bdetween the hot-lep
nortles gad the coce-support barrel. Both of theee Vypass flows were modeled in
the vessel sode) of Calvert Cliffe-l.

e. Tluid Mixing in Vepeel. C-8 perfermed a weries of esperimsnts to
measure the amoust of fluld entering s veasel eimilar ¢o the Calvert Cliffs
vesse)l vis one loop and enitiug via the other lesp. Uander the conditions of
unifore flov fn each cold leg and equal celd~leg temperatures, C-f erssured o
aixing fraction of 271. To force the TRAC wmodel to predict thie wmixing, four
pipe cosponents were placed In leval 1 to Induce flov from one loop to the
other. The flow area of each pipe was adjusted unti)] the mining fraction of
apptoninately 27% vas obtained.

{- Heat Slabs. The heat slabs for the Calvert Cliffe rcector vessel were
catefully defined. The volume and charscteristic thichness of each comspanent
wvere calculated using the nominal dimensians aobtained frum the drevings supplied
by C-E.

2. HWot Lege: The hot leps ha.e .:n Inner diemeter of 1.2 @ (4R (n.) at
the core barrel converging to 1.0 o (42 §t ) outeide the vessel. The surpe line
te the pressurigser was connected to ilie hat leg ‘n loop B. Both 3.8-a (18,9 1D
hot legs are Jdivided iInto five cal ula‘'ional colls.

J.  Frossuriger. The pressuri:ie: s  represented by threre InAl
-oaponents. The fiirat, MPL voppeen, Ju, ie o . "o part of the pressurirer
vontadning the preportions]l am! dechup hweater .. Cnontrol of these nheaters 1
doactihod 1~ Sec. Co2. TRE component &/ was the sajor pert of the preassurize:
with & (onnection to the PORVe and prisary SAVa. This coaponent contained sl

cell-, whilch wore found to be adenuate [or aodeling the liquid/steam (nterface.
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PRIZLE coampunenr ¢, the thiid of these, tixed the pressure at 19.% Mia
(225¢ psta) during & seteady-stat:. calculation. The 1liquid level in the
pressurizer was controlled by wmakeup/letdown (also knuwn e chargting) fley
duri-.g steady state. The liquid le.¢] vun seasured with pressure taps located
in cell 1 ot component &7 and cell 3 of component 10.

4. SGi. Calvert Citffs hax two U-tube SGp with 8919 tubes of (.07
(C.?% (n.) ouler disacter. TRA! modele:d the tubes a¢ 3 sfngle flow patl. The
heu: - tTausfer area wvas adjusted 107 g0 the TRAC calrulatinn would match the
«iealy-state conditions supplied by BCAE. The SC model In this study consisted
o! ! primary cells and 26 secondarv cella. Seventeen cells modeled the primary
aide of the tubes. The wutlet plenus vas divided §nto two -ells so that the
flow split of the cold-legs was at the correct locat.on.

The secondary side had threc TEE components with a separate injection port
for the MFu and AFW (low. The downcomer coaverged rapidly at the third cell of
the down.omer TEB. The correct recirculetion flow was obtained weing correct
geonelrical date and edjusting the additive friction factor. The wmofsture
separatuor model ima TRAC did not function properly st the time of the atuuv and
s0o phase-separation had to de induced artificfally. Only two trensients (the
double~rnded MSLBs) wmet conditions when the solsture-separatnors and dryers did
not separate the oteam froma the liquid. For these trensients, nerval liquid
sntrairer? was caleculated. In the other transicents a very lacpe flov arca was
Flaced 1+ e gteam dome to preve ' anv 11quid carrvover {(nto the nteanlines

t liow!~g & break.

v liqu'd- level -mgacytement (aartuments wvare ®uvdeled on the secandary.

‘he - a1t . rarge” level Indicatar used preerure tapen In the ateam dome and n
el ¢ e downuomer L. TN .4 ievel fincicarvor waa used for -he
“ea v te tripan and tor coutr ling the Mia flow, The 'wide-range” level

oy a0 1 e ued for AFW fntlation (AFAY ). Hecause of numerical prablems not
tealtly 14 titted (confectured te b cauasd by g {ot ‘rphasic drap), nelther
1the natt v ravye v the faterphact drag 0t wide yange 1t Jevel-Beasureuent
Ay v alely sinvlated the onperted he! ot et Ievta calculated later, the
llguid Inven® .1y an 1he @0 wlary was uaed [0 e ot AFAS,  The setho. uaed ia
wperificrd In each tranaionl section.

L.t Lage. T™e s ettt iy = A . m ch S=t) UV glhaned | pe
leatin" ta the Riba. The teat ' the gaaplng tn heor s tal, with the PP andd

-harging *low Intecting dvw s’ o aw by kb, 1a v 1l \ep wap woae et



separateiv and represented ths piping froe the SC te the vesse)l. Sinple-jhare
hemologous curves for the head and torque of the RCPu were supplied by (-i.
Coastdown data were alan given. Two-phase humclogous head and torque curves
were not anticipated (o be needed lor the 12 transients that were spe: (ffed.

6. (terging Flow. During wteadv state, makeur/letrdown (charging) !low -
tnjected Gr withdrawn to maintain a specified level In “he pressurleer. 1! 1Y

pressurizer level drops sore tgas .27 @ (9 (n.) below fi1x setpoint, the

charpinp flow ts injected at & (onutant flow rate of 3.2 Wp/e (7.0  b/s)

inta
ane cold leg of esch loop. 1If & SIAS occure during the (ranstent, charging flow

{s increased to & constant rate of 4.1 kg/s (9.1 1b/s) in esach loop. Normally
the cpurator terminates flow unce the pressurizer level has recovered. However,
for the transients in this study, it was specified that the operator would fafl
to dv so. Thus, 8 charging flov of approximstely 8.) kg/e (18.) 1b/s) war
in‘ected throughout the transient.

7. WPl Flow. The WPl pumpe at Calvert Cliffs have a low shutoff head of
8. %Mla (1270 peig), which 1e adventsgeous from s PIS standpoint. This limits
the rate at which the system (s capable of repressurizing. HP] {e {njected into
all tour cold leps based on delivery curves supplied by C-E. HP! wae mudeled »-
a nmass fluow va pressure boundary condition with the fluid at a teapersture of
SRt 1 9 1). The warzer flufd In the NPl lines {nside (322 X (1210°F)), and
outside ‘Yoo K (85°1)) of contalnmert was also tsken {nto sccount. When HPl wes
fnitfate!, the varmer liquid wam pumped [nto the system before the colder liqui!
from t1e storege tank filled the HPU lines.
B.  Secondary Side

It wes necessarv to include parts of the secondary side of Calvert Cliffe
‘r the THAC model. This (acluded the steam lines up to the TSVe aud 18Vs and

ah ot all of the fteedwater 'rgln. The AFW infe.tilna line and tanke wete

vodelec appronimatelv.

1. Feedwater Train. Figure .1 ahw:  the wselor componentas of the
cosplete agin feedwater/condencate trafn  ‘ the ot e ewer 1'ant . The
pevmerty - th- *v. fui e avele . o e Locwmeteice and il oy !
tnstrument gt fun drewings sappiied v RUAY L he Aopronsura (HP) heatire were
sdelrd as onr heater asa wvere the law-pr e 1 waters. Over 10wl & (JJB ()

of tipe lengts wam wodeled with 1719 fluld (ella. te i lenytle were limfted ot
lesn tran 10 g (J2.8 ft) te mi-tmlite numert. ol d{flucion eltecta. tach o' the

tw: wain feedwater pumis was e leled neparstelv. Mis all wed one pump o 0
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{n manual and the other pusp 1. sutosatic. The pump curves tcr the =maln
feedvaler pumps were obtalned ‘rom 5 jence Applications, Ilnc. and converted
into TKAL lora. Two-phase flow through the pumps was nut considered possihle
for tiw PTS transients in this stud- and therefore two-phase homolopos curves
wvere not included in the model. The epeed of the one MFW pump aperating i-
automatic vas controlled within the TRAC model using the conircol-syster model.
The TRA( feedwater/condensale train wsodel wvas programeed to simlate 1l
tollov..y opersting behavior of the Integral feedwater/condensate train.

Under normal full-power steady-state operation, condensate s puaped frur
the hotwells of Lthe three msain condensers. The condensate (s pumped through a
serier of LP heaters and one set of HP heaters vhere extraction stean is used to
heat the cundensste prior to its eutrance into the 3Gs. The entraction stesm
that condenges during the condensate-heating process in LP heaters ll, 12. and
13 is subcooled in the drain coolers and returned to the condenser/hotwells.
The extraction stesm that condenses in LP heaters 14 and 15, and NP hester 16 1o
drained into a holding tenk and subsequently faujected directly bach into the NFVW
train st a point between the last two LP heatervs.

Foilowing a turbine trin from FP conditioms, the bleeder trip velves in
the steam extraction 1ines close, fsolating each LP and WP hester. The drain
systes on each heater will continue to drain condensed extrection stesm from the
hester until a lowv liquid level is obtained, at which time the valve on the
drain line will close to prevent the heater from completely draining. The drain
pumps (which were (injecting condensed extraction astesas back {intn the sain
ferdvater) will begin to "run dack” and vill eventually trip on lov level In the
drain tanks. Under these .onditicona, the tesperature of the feedwater ’eing
supplled to the $Cs will begin 1o ded “cane 8¢ a rare tha' (s dependent on bhetl
the tete at which the fevdwater s hefng awept outl of the lcedunter line and the
total stcred enerpy snsoclated with the heat capacity ot the oipe walle and tte
residual apount of cordensed and uncondensed exiraiti{or steam reaainfog on the
shell side uf esch heater.

Siwultane na to the .hange t%. nccnr 'r the of and LI heater sections of
the feedvater/condettaste train folloving & e . sutlkine tilp, the MFR\s will
close end the MFIVe will open to & fined pusition curtesponding to o 311 stem
position. The one NIV pump that 1s aoperated In automsric msode will run back in
an  effort o gaintsin s .77 MPa (1t peld) preesuce  drop  acrnse  the

feedvater-valve aystlem vis the auinmatic coutrol svaien. The other MiW pum
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will .onitinue v Jperate ot 1ta 1..1t1a) constunt speed of 8% rad/e (=*3) rpe
This ivade tn =2 pressure drop arross (e f(ecdwater valve sypie:  »
exceeds .10 MFa (1US peid), and mutsequently caunes the aut smaticalldv- -1 |

1

feedeater pump Lo Tun back to - atrivie spec ” of Ve rad’s (Mroo g
coabhinatinr o! one teedwater pury petatle, in MG AL A @ et ALl & - T
485 rad n (461, rpm) and the othet feodwater pump oerating at a 5t o
of V.. rad/e (YO0 rpm) results 10 4 ner fredwater low o f appr 2iciately .
rated feedwster flow (that s, -3 wyss (2.38 » lu. In'n) per N

Depending upon the 1inittal condftton sprciiied far ea h vra--ic--
portians of the sodel shown in Fip. H.) were deleted or altered nrior t. the
fnittation of the trensient 1f they were superfluous. This faproved the running
tise for the fategral wsodel. For trensients (Initiated fros hot-gera-powve:
steadv-ctate conditivn, the entire wode! upstream of the MFU isolatfcn valves
(MF1Va) wvas replaced vith a constant sase-flow boundary condition of -~5 kg/s
(11 In/s) per S for the tiee in which the MFlVe were open This s justified
tor this tnitial condition btecaune of the emall changes that can occur via the
automat i - control system st this lov power level.

tor all of the transiente snalyzed fro@ FP conditione (with the excepticn
3f the runsvay=MFW cases), the feedwater/condensate train model upstrear of the
heater-' »bh-drain-line fnjection point was replaced with s constant-temperature
boundary . rndition coupled with a varjable-pressure boundary condition. The
varfah!.  -rvssure boundary conditfon vas uaed to sfiwmulate the agpregate pressure
rewponae produced by the pumps ups:ress of this point during periods of time 1
wii-h 11 flow through those pumps was changling.

e - unstant-temperature houndaty condfition was justitigble provided :hat

LN grred within a coutle 0 -un 4 mpeconde. The total fluld swept out of

“te tvetomter . ondensate trafn in 1090 5 (ansuming @ flow rate of approvimarely

<V ol aated flow folloctnug a turhi-« trip) represented lean than &0 f the

*ate) mass of flufd within the fteedwater/condensate - =ing frtoer the disc! arypr of
ILP heater: i& (¢« the inlet «of the - Wocee . the temapeiature o the |igu.d
entering the S.ua 1ottt ,  *tim dulend. . ‘otely determined b tie

te@perature distgibution foreed In the ferduu. 1 pipes during the (nittal stealy
state, an'. four the 1000 ¢ inierie, was unaffeited by the temaprrature of th

J1guld specifled at the hrundary conditjon
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In the runawvay-main-feedwater transients, a epecial bduundary condition vas
cerived tron the entire fredwater/condensate &Scdel shown in Fig. B.). This
special boundary condition §s explained wnre fully in Sec. Vii of thie repor:.

J. Steamlines. Figure B.4 shows tne TRAC model noding diagraw of tn.

steanlines. The model did not include the stceamlines that supply the MFh- and
AFW-pump turbinve. Furthersore, some liberty was taken with the arrasngemen: af
the line to the TBV. The line tn the TBVY (a actually between the Loop-A “.:'.
and the lines to the high-presasure turbines. The relative posftion of the .ingen
te the TBV and HP turbines 18 Incoonsequential becsuse both lines are downatr-ar
of the MuIVe @nd the TBVe and TS\< are never open at the sasze time.

Venturi-flow restrictors were located between celles | and 2 § cnmpucenta
2 and 62 about 10 @ (32.8 ft) from the 3Ga. They were colibrated to deliver
170X of FP stesn flow under choked-flow conditicns with 5.7 MPg (RS0 pefa) SGC
pressure.

Five sets of valves are in the steamlines: the TEVe, M8lVg, SR\s, ADVe,
and Thvgs. The two TS8Ve (n the TRAC mode]l represented four asctual velves and
closed in 0.25 s folloving a turbine trip. The TIVe were calibdrated to deliver
FF steanm flov with & 3G pressure of 5.86 MPa (030 peia). The MSIVs closed in
3.58 fnllowing SGIS and never reopened. The SRVs represented a bdank of
pressure-modulated velves. They began to open when the upstresas prossure
Tearned +.%9 MPg (1000 psis) sad werc wide open vhen the pressure reached
7.4% MPa (1080 peila). A flow afea ve pressure teble was specified to sivulate
the behavior of the actual bank of valves. Each SRV wes calibrated to deliver
67 kg/s (6 n xo‘ Ibb/h) of sstutated steam vhen the valve vas wide open and the
upstrear pressure wae 7.43 MPa (1080 peta).

The ADVe were trip-activeted aend controlled by the averege reactor
tenjczn.ute.  They opened in 3.0 s following & reactor/turbine trip when the
Averape reactor tesperature excaeded 552 K (33%9F). The flov asrea varled
1inearly with the aversge reactor tesperature bitwee:r 3352 K and 96% K (333} and
997°1). The small hysteresis hetwern the rlugluy and renpening tempe.ature wan
not sodrled o' the arruke ra’ - I=~fte " 2c YV, The TBVe were .-ip-
octivated omd contrelled by either the everape reactor teapevature or the
stesmlire pressure wpstrens of the valver. The TOV represested four actusl
valvea, and ity otioks rate was alen limited to Y)X/e. During steady-state the
I8 was reguleted to 1imit the steamline pressure to 6.24 MPs (90 pala); in
prectice, “he TBV 18 fully closed during full power and ~« apen during hot rer
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8. _Powar. Duving full power operation the vesctor therssl power (s a
conatant 2700 MW, and the ACP thermal powver fs 17.38 Muw. The primary
temperasture adjuste ftself to the value necessary to effect transfer of tie
power to the secondary system. A reactor trip wvill occur 1f at least one of the
following conditfons s satiefled:

(a) the prisary pressure 1s less then 14.3% MPs (2100 peis);

(b) the narrow-range $G level is less then -1.27 @ (-30 {n.),

(c) the 5G pressures differ by wore than 0.8 MPs (115 petd);

(d) SG1S occure; or

(e) the turbine tripe.

All these trips were modeled.

Following & reector ctrip, the turdbine tripe ead tha steem duap/bdypass
systes regulates the ADVs and TBVs to comtrel the sverage resctor tempersture.
Above 563 K (357°F) the valves arve wide open} below 3352 K (333°7) they sre fully
closed, and between these 1limite, the flov aves 1s oadjusted 1imgerly with
traperature.

b. Pressurq. The primsry pressure worually fe controlled by the
pressuriser heater/eprayer asystem. Altheugh tha hesters wmere sodeled in the
steady otate TRAC model, the sprayer wvas not. HNowever, for the LOSP transient,
APS was modeled with three components: a pipe, valve and o fil)l. (Excessive
pressure relief was provided by the trip~controlled PORVe, which opened fully in
1.0 ¢ after the pressure resched 16.5 MPs (2400 peia) end closed completely
1.0 o after the pressure fell delov 13.7 MPa (2200 pels).

Operation of the proportionsl end backup hesters wes prohibited vhenever
the preasurizer level fell below 2.3 a (101 in.); 1f the level subsequently
rose asbove 2.% m (10} fn.), the proportjonal heascters, but npot the backup
hesteta®, were resctivatod. The proporticnal heaters have o setpoint of
15.9 MPs (22% peta) end deliver & maximum of 100 kW at their setpoint to
compansate for oteady-state heat logses (rom the . etem. Therelote, the
proportivnal hesters were msodeled a8 8 hest w,.rce ~in¥ hal delivered power t.
the pressuriser Iifquid linasrly ‘itwrir . wati- s of 15 kW at 15.) NPa
(22219 peta) ond & wintinum of ~1%0 W at 15.7 W¥a (227% sla).

Ty " the plent, twe of the four bamks of bachup heaters come bhack on
automatically (f the level recovers. MNowever, we did mnot wmadel thia oo
pressutiration was not required beyond that abdtained by throttling AP flow.
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c. Flow. The RCPs were modeled to operate at constant epeed until the
operators tripped them 30 o after S51AS, es specified by Osk Ridge National
Laborstory. The SIAS trip occurred vhen the pressure fell below 12.1 Mba
(1740 psig).

d- Volume. The prisary systea volume {s noreslly controlled by the
makeup/letdown system. ln the event of a severe depressuriszation, however, SIaS
overrides the waheup/letdowm eystemn, and the ssfety-injection systes bdegins
fnjecting borated water into the systes.

The sakeup/letdowm flov was deternined by & proportional pressurizer-level
controller. The comtrol eetpoint was 3.3 @ (213 fa.) during full power and
).?2 8 (144 §n.) durisg hot serec power, snd the controller getin was 28.34 kg/s-m
(11.45 gpa/in.). The sexiows mske—vup flov vete of 6.48 kg/e (103 gpe) wes
achioved vhen the level fell .23 & (9 in.) balew the setpetnt, while the sanimm
letdown flov of 0.3 hg/s (132 gpe) wes ashieved when the level (ncressed 0.1) o
(9 1n). above ite ecetpeist. The mchowp/lesdorm, flow wee eplis evenly betwees
twe disgonally-opposite ¢old legs. Pollowiag emy SIAB ¢igeal, the chargiag flow
vas increased to 0.3 hg/e and wves net coatrelled autesstiselly by pressuriset
level. The SIAS was disedled in the trensient celculation to sisulate operstor
sction to prevent sctivetion of this systes which weuld hold up eystea pressure
and prevent depressurisstion. Purthermore letdewn was disabled to limit primary
inventory loss end allov ensmination of a closed systes.

2.  Secondary-Side Controllers. Thia subsectiea descrides the parte of the

control systes that reguletoc the pressure, flew, ond velums ea the mecorviary
sfide.

8. Presgure. During full power, the secondary pressure wes determined by
the inlet pressure to the turbine and it was aot directly cemtrolled. Polloving
a turbine trip, the pressure was controlled only {f (it enceeded 6.7 NP2
(495 pata), In which cose the {lov sres of the TBV was adjueted to maintain the
pressure between 6.17 MPs and 6.24 NPg (093 patia end 903 psia). Norsally the
sction of the eotead dua;/bypass eysiems vents ensugh stesm to asintain the
secondary pregsure vell bdelow 6.°7 Mi (A9Y reta) folloving @ turdine trip.
Duriag hot seroc power, the flov srea of the TUV a0 adjuated to meintein the
sosandary pressure between 6.17 WPs and .24 NPe (893 pete and 903 pels).

b. Flow. The NIV flev {s regulated Wy an fnstentencous level error,
integrated loevel orvor, and iastentencous feed-steem afsmatch. The TRAC control
oyelen 1005 Lheoe 0080 aigaale viih the addition of the fntegreted feed-stean
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mienstch te regulote the NPV flov. The Teset tise of beth the 1evel errer and
feed-stesn aisnstch integragors was 340 s (4 min), the gain ea level control wee
1002/n, and the gain on fesd-stesn nfssstch vas 0.25/kg/s. Pollowiag a turbdine
trip, the NFRVe closed in 20.0 ¢ and the MFIVs opened to s stem position of 331
1a 1.3) s. During hot serc pover the MFW flov was held censtant.

During full power, the MFV pump epeed wse regulated to saintain the
pressure drop across the MPRV to Loop-A $C st 0.72 NPs (109 pefid). The integral
controller had a minimum output of 314.16 rad/e (3000 RPH), o maximum output of
386.4 rad/s (3600 RPM), and an option to hold the speed of Lloop-B MW pump
constant .

g Velump. As discussed previocusly, during full power the sC level fs
seraslly centvelied iy vegulating the WPV flew. 1a the eveat of loes of $C
sass, s lov 00-loval Saftesticn by the vidervenge isstrumeat would initiste ANV
dalivery te prevent 80 dvyout.

mmmumpmcummnmcq;
the hester=dvats Sssh esases, it umhl-thlmdthcﬂ
Although the toak wae ast medeled emplicitly, the etesdy-stete fmweatory, the
tnlet, end the outiet flew ware all known. DBefere & turbise trip, the finlet and
outlet flov were asswned to balasce; Wt after a turbias trip, the falet flow
became sero. Therefeswy, & hester drein-tank sass {mstegrater begas reducing the
stesdy-stete tenk iaveatory by the haowa ewtlet flev followiag & turbise trip.
When the residual tenk imventory fell belov s specified velws, the eutlet flov
vae tripped off to simulete the lev-tenk-level pump t7ip thet weuld seswr.

In the eveat of & steamline bresh, steen that aetnally weuld vmeis in the
systems cocapes, ond the condemser/hotwell iaveantery weuld fall belew s epecified
value, thus it wse aseessery te hmov the (mnventery of the cendenser/hetwsll.
Although the tank wvee st sodeled explicitly, the steady-state taventory and the
inlet end owtiet flews were all kaewn. Thevefore, s eoadenser/hetwell sees
inveatory calculater wae ceastructed with ueatrol-bloeh operstors te iadicete
vhen depletion of the iavestery would trip the MY pumps.

Although the APY eeadensste tt-raje trnke vere not Gsdeled emplieftly, the
initial isveutery and APV flev rate ware haown. (herefera, o AFV sase flow
iategreter vag veed to vadure the initiael inveatory wesil the vestdus) taventory
ves 1060 thes 1.0 hg, ot which tise the APV flov wes reduced te sere.
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