
IIIiliiiiiolIIIEI

IIIII_ UlII_ IIIII_luuo_iuH_





l) istribution

Ca,tegory I (_,-610

SANI)93-1475

Unlimited Release

Printed October 1993

MELCOR 1.8.2 Assessment:

IET Direct Containment Heating Tests

L. N. Kmetyk

Therma, l/ttydra, ulic Ana,lysis Department
Sandia National l.,abora,torl _s

Albuquerque, NM 87185

Abstract

MI.,I,(,OR is a, ftdly, ill,I('gla,t(d,"" ' engineering-level computer code, being developed a,l,

Sandi__ Nal, iollal I,abora, tories for the USNI{C, l;he_t lnod-e.ls' t,he entire Sl)(,cl,rum of sev-'e.,t(:."'

a(.(.,ld nl, phcnom::na in a, unified fi'a,mework for both BWl{s a,nd PWI{s. As p;trt, of an

MLI,(.,Otl compul, er (:()de Ii_ts b.(:ll used t;o a.l zeongoing a,ssessmenl, l)rogr_m, the e , ("' la.ly
pr _ S 'several of l,]le ILl direct containment heating experinlents done a,t. 1"10 linear_ca.l(, in

tile Surtsey. test facilil,y a,t Sa.ndi_ a,nd td, 1:40 linea,r scale in l,h(_ coriu11>wa.1,• e:.r l,tlerma,1
p-{ r 1 r -a xinteract, ions ((.,W I I) (",OI_I,XI_I test fa.cility a,t Argonne National l,al)ora,tory. [lles_

M ,_,l,'l,C(_]:{,,:ca.lculations were done a,s +tn open t)()sl,-t,(.'.sl,study,., with bot, ll tile cxI)' e.i"inl(mt,a.I

da.t,a a.lld CONTAIN results av_ilaJ.)le to guide l,]le sele(,1,ion of (:ode Jill)lit,.

]!{a,seca,se M|_,I,COI{ resllll.s are conll)a,red 1,o test (l&l;a,itl ord(er t,o eva,lua,l,e tile new

I-II)MI'] DCll lnod(:'l rec('ntly added in M I'_I,COI{ versioll 1.8..,. Tile efl'(,cl, of wu'iol_s _as(,r-

inl)t_l, l)aran_eters i_ tim ll PME n_odel, whi('h (t(fl_ both the inil,ial (l(4)ris so,_r('e a_(l l,t_,'

subsequent debris int(-',ra.ct,ion, were investigat;('d i_ se_sit, ivity sl.u(ties, lu ad(litio_, several
F ('ol,]ler _on-(1 [au]l, input modelli_g (:hat_ges involving other M _I....O1{ ('ode packag('s were

reqtlir(_d i_l our lET assess_n(mt a_lalyses in or(ter to rel)ro(luce l]_e ot)s(:rved exl)(,ri_ci_l,

t)cl_avior. ,urinal ca.lc'ala.tio_s were do_e to i(:le_l,ify whet, her a_ly _lul_(:'ri("(,fl'(,cls exist i_l

our )(,ll II!','1_ ass(,ssl_e_t a,nalyses.
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1 Introduction

MELCOR. [1] is a fully integrated, engineering-level comI)uter code, being (leveloped

at Sandia National l,aboratories for the U. S. Nuclear Regulatory Commission (USNRC),

that models the progression of severe accidents in light water rea('tor (LWI/) nuclear

power plants. The entire spectrurn of severe accident phenomena, including reactor

coolant system and contMnment thermal/hydraulic response, core heatup, degradation

and relocation, and fission product release and trallsport, is treated ill MEI,(",()I{ in a

unified frarnework for both boiling water reactors and pressurized water reactors.

The MEI,COP computer code has been developed to the point, that it. is now being

successfully a.pplied in severe accident analyses. Some limited technical assessment ac-

tivities were 1)erformed early in the MELCOR dew_lopment process [2]; more recently, a,

more extensive, systematic program of verification and vMidation has been underway. To

this end, a tluml)er of assessment calculations have been and are being done [3-9]. One
of these assessment activities is analysis of some of the lET direct contaiIlment hea,t-

ing experinmnts done a,t 1:10 linear scale in the Surtsey test facility at Sandia [10-17]

and at i :40 linear scale in the torture-water thermal interactions (CWTI) test facility at

Argonne Natio_al Laboratory (ANL)[18-24], to evaluate the new high-pressure melt ejec-

tion (IIPME) direct conta.inment heating (1)CH) n_odel ['25] a.dded to the Fuel Dispersal

Interactions (FI)I) package [26] in MEI, COI/ 1.8.2. This report documents the results of

those analyses. (This report assumes falniliarity with the MELC, OI1 FI)I/HPME/I)CH

model, its terminology and rnodelling a.ssulnptions, and its input requirelnents. A brief

description ot" the n lodel, excerpted from [26], is inclIMed in Appendix A for the (;onve-
nience of interested readers.)

Our original intent was to model three of the Sandia Surtsey experiments (SNL/IET-

1, SNL/IET-3 and SNL/IET-6), together with one of the ANL counterpa, rt exl)eriments

(ANL/IET-6). These particular tests were chosen to provide a base case (SNI,/IET-1),

to investigate the effects of hydrogen combustion in the l)resence of pre-existing oxy-

gen (SNL/IET-3) a,nd also pre-existing hydrogen (IE'I'-6), and to investigate the effects

of scaling (ANL/IET-6 at ANL). After we began work, we soon expanded our plans

to include most of the Sa,ndia Surtsey experiments (adding SNL/I]';T-IR, SNI,/IFT-4,

SNL/IET-5 and SNL/IET-7) and the rest of the ANI, counterl)art experiments (ANI,/IET-

1RR, and ANL/IET-3). This was done because the controlled variations dogie by the

experimenta,lists in these tests (presence v,s absence of pre-existing hy(trogen emd pres-

ence v.s absence of basement condensate water) made little difference and required minor

input changes, while the range of final melt distributions (i.e., amounts of debris col-

lected in various locations in the containment) observed in the tests created a significant

uncertainty in specification of the MELCOR debris source. We chose to use reasonable,

representative values for the debris mass and distribution for the Surtsey IET experi-

ments, and address the variation in both total mass and distribution through sensitivity
studies and analyses of more experiments.

We did not look a.t SNL/IET-2 in Surtsey because that was a set of separate-

effects experiments on debris temperature measurements. We did not consider analyzing



SNL/IET-8 and SNI,/IET-8B in Surtsey becallse tllis test pair illvolved significantly dif-

ferent l)henonmna due to the cavity being tla,lf filled with water. We (lid not consider any

of the more recent Sa.ndia If¢'r experilnents (SNI,/IET-9 arid SNL/II!;T-10) because they

were done in a. different facility a.t a different scale and for a, different plant configuration,

thus requiring major input modifications. We did not consider any of the early ANL tests

(ANL/IET-1 and ANL/IET-1t{,) because of problems in the experimental procedure af-

fecting steam/debris blowdown timing; we did not collsider any of the later ANI, tests

(ANL/IET-7 and ANL/IET-8 which investiga,ted variations initia, l atrnosphere conditions

and most recently U1A, U1B and U2 which evaluated ttle efDcts of using corium v.s ttmr-

mite melts) because of the different phenomena, and more substantial input modifications

,'equired.

1MI?;LC'OR version 1.8NN was used for all the ca.lculations described in this report.

('l'lle release version of MELCOI/1.8.2 was MELCO[/I.SNM. The clla.nges between the

relea.se version and w_rsion 1.8NN are discussed briefly in Section 11.) Note tha.t these

• e" e'" _'MI,I, COI/calculations were done as an open post-test st;udy, with both the x t) :.11m(:nt,al

data and ('ONTAIN results [27-a3]available to guide the selection of code input.

_l']_e Sutts:.y"e and C,WrI'I test facilities, e.xperimental" con[igurations and (:.x1_ )'"(.tlln entai

procedures are outlined in Secl,ion 2. Secl, ion 3 describes the input used for these MEI,-

COIl assessment analyses. The results of our referell(:e calculations are given in Section 4.

Sensitivity studies on the high-pressure melt ejection lnodel in MI?,I,COI/ are presei_ted

in Sections ,5a,nd 6, on user-input i)a.ra.n_eters controlling the initial debris source and the

subsequent de|)ris interaction, respectively; sensitivity studies on other M I!;I,(_OIt mod-

els affecting direct containment heating are giwen in Section 7. I/esults from a scaling

study using the l:40-scale ANL tests are presented in Section 8. Sectioll 9 colltaiIls the

results of our time step and machine (lepende_l('y sensitivity studies. Comparison wit]_

results obtained by CONTAIN is done in Section 10. Section 11 sulnlna.rizes the code

and modelling l)roblems identified during these a.ssessmenl, a.llalyses. The collclusions of

this MI';I,C()R assessment study are presented in Section 12. A brief descril)tioll of tim

MI,L(,()It;'" FI)I/IIPMIi;/I)CH model is included in Appendix A, and a, listing of the input

llsed for the Surtsey IET-1 reference ca,lculatioll is given in Al)l)e11(tix B.



2 Facility and Test Description

2.1 1:10 Linear Scale Surtsey DCH Test Facility

The Sl_rtsey Test facility a,t Sa,ndia, is used to perforn;l scaled exl)erilneiits tlmt sinlu!a,te

high-pressure melt ejection (tlPME) in a, nuclea, r power" plant, investiga,ting the phenolll-

ena associated with direct containment hea,ting (I)CII). In tlmse tests, higll-te1_,',_era, ttlre,

chemically reactive melt is ejected by high-pressure stea.m into a. 1:10 lin('a,r ._;cale Inodei

of a, rea, ctor ca,vity, l)ebris is entra, ined by the steam blowdown into tile Surtsey vessel

where specific phenomena., such as the efDct of subcompartmellt stru(,tllres, water in the

cavity, and hydrogen genera,tion and combustioll, can be studied.

Figure 2.1.1 gives a composite view of the S Ilrtsey vessel, the Ill)ME (tel ivery systelll,

and the insl, rument penetration ports at six levels in the Sllrl,sey vessel. A nlore deta,ile(l

view of tlle, HPME delivery system _md of the cavity and instrument (:l_lll,(-,'for l.}lese I1"/1'

exi)eriments is l)resented in Figure 2.1.2. (The circled lluml)ers in lllesc _md tk)llowillg

figllres correspond I,o chmlnel nulnbers in the data. acquisitioll sysl,eln. 'l'lla.t exl)eriIllenl, a,!

da.ta, i(lentifica,tioll is not used in this report; therefore, tllose circled nuIlll)ers are not

identified or discussed furl,her.)

111the Surtsey lET tests [10-17], 1:10 linear scaJe models of tile Zioll rea,(:tor pressure

vessel (RPV), cavity, in-core insi,runmnt tunnel, and su|)(;oilll)a, rt11_ctlt stl'llcttlres were

used. _l'he llPV was modelled with a, melt genera,tor tlla.t consiste(l of a steel l)rc'ssllre

barrier, a cast MgO crucible, and a thin steel liner. Tim lllelt-gelleral, or/crucible had a

hemispherica,1 bottom hea.d containing a graphite limiter pla,te with a .l('I_l exit hole to

simulate the ablated hole in l,he RPV l)ottom head thai, woul(! be forwlwd by ejectioll of

a,z_instrument guide tube and subsequent hole a/)la,tio_ in a. severe a(:ci(l(_'l_t.

Th(" cavity used was a, l:10 linear scale model of the Zion rea.ctor (:avity. The incli_led

portion of the instrunm_t tmnel entered the [)ol,tonl head of Surl, sey at a 26 ° i_l(:line fron_

vertical, as it does in Zion. A false concrete floor was co_lstrt_cted in the Surtsey vessel

simila, r to the floor of the Zion ba.senmnt so l,ha,t the incline(t 1)ortion of l,]m insl, r_l_(;nt

tunnel was _2.7 times the correct sea,led lengl,h of the Zio_ i_stru_('_lt 1._lel exit. (Tl_is

floor wa,s constructed in Surtsey to matcl_ the configuratio_ of tl_e ANI, facility, (l('s('ribe(l
in tl_e n('xt subsection.)

The subcotnl)artn_e_t structures, shown in (:ross-se(;tion ill Fig_re 2.1.3 and ill_sl, ra.te(!

sch(,'_na,tically iTI Figure 2.1.,1, in('lu(ted 1:10 linear s('a,le _o(l('ls of 1,1_¢'(',ralie wall, l'ot_r

slx,a._n gel_era,l,ors, four rea,ctor coolant pU_nl)S (l:/CI)s), l,]le Ol)eni_lg in i,]_('floor ()[' tl_e seal

ta,l)le, r()()_ for l,l_e insl, rm_ent guide t_l)es, l,ll(: seal tabl(, roo_n, tim 1)iological sl_iel(l, t,lle

refueling ca_la,l, 1,t_e radia, l beaans a_(! tl_e gratings al, the I{C,!) (le(:k, mid tim operating

decl<, rl'l_e steam genera, tors, R(?,l)s and gra,l,i_gs were _a(le of sl,ccl, and the otl_er

stru('t.ures were ('o_structed ot' reinforced concret(,. All of l,lw str_('t_r(,s were i)ai_l,ed
with a,_ el)oxy-base paint.

In tim majority of l,l_e 11!71'eXl)erim(,nls,, tl_e st(,a,m c_t(:_:tl__ulal.or l,a,_k was l)r(,ssuriz(,(l

witl_ SUl)erlmat(-,d stem n. Afl,er the press_riza,tion se(lue_ce , l,l_e iro_-oxi(le/a/_i_/-
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Figure 2.1.1. Surtsey Vessel, HPME Ejection System and Instrumentation Ports

Used in the SNL/IET Experiments (from [10])
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chromium thermite mixture was ignited remotely. After tile thermite was ignited, tile

pressure in the crucible rapidly increased, verifying that the thermite reaction had started

and signalling the operator to fail the burst diaphragm separating tile steam accumulator

tank and the molten t|mrmite in the melt generator, bringing superheated sl,eam into

contact with the molten thermite. Zero time for the HPME experiments was set at the

time at which the melt in the crucible :failed a fusible brass plug at the bottom of the

crucible and was expelled by high-pressure steam into the cavity.

A series of experiments were done investigating the effects of high pressure melt

ejection on direct containment heating:

1. Test SNL/IET-1 was the baseline test, while test SNL/IET-1R was a replicate test

investigating experiment reproducability [10].

2. Test(s) SNL/IET-2A, SNL/IET-2B and SNL/IET-2C [11] were a set of separate-

effects experiments performed to measure the temperature of molten thermite as it

exited the melt generator.

3. Test SNL/IET-3 replicated test SNI,/IET-1 except the vessel contained a mixture

of air and nitrogen [12]; no steam explosion occurred in SNI,/IE'F-3 as it had in

SNI,/IET-I, but instead tlmre was a vigorous hydrogen burn.

4. Test SNI,/II!_;T-4 [13] replicated test SN I,/IE_F-3 except tile Surtsey vessel ¢:ontained

slighl, ly more pre-existing oxygen and water was pla(:e.d on the basement floor illside
the crane wall.

5. 'llest SNI_/II!71'-5 conditions were silnilar to those ill SNI,/IET-4, except the w_ssel

atmosphere was classically inert [1,1], with C,O2 used to suppress hydrogetl <:onlb_Is-
tioll,

6. q'est SNI,/IET-6 initial con(lil.ions [15] were similar 1,ol.hose irl SNI,/II!;'I"-3, except

the vessel a,l,lllosphe.re containe<! pre-existing ]ly(lrogen to represent pari, ial oxi<la-
t.ioll of lhe zir<,onillnl in the core..

7. Test SNI,/II!TI'-7 initial <'oll<litiolls were si_nilar to ttlosc ill SNI,/IET-4, except tile

w'ssel a.tnlospllere <:o_ltaille<l pre-existing hy<lrogen to represeIlt l>artial oxidatioll of

the zircor_iuln in the core [16].

8. Ill SNL/IE'I'-8 [17], the moll, ell tl_erlifite flowed _lnd<'r gravity throt@l tim hol<_

in tim Inelt g<,ll<.'.rator into l.he r<:acl.or <'avity, wllich was t_all" fille<l with water; in

SN I,/II!;T-SB, the molten the.r_nil.e was eje<:ted by lligh-pressllre st,eanl (as in _nosl,

of the earlier lET tests) inl.o i t_e reactor cavity, whi<'l_ was aga.i_ ha.If fille_l witt_
watcr.

Initial conditions for tl_e SNI,/II;;'i ' lests are give_ in Tabl<:s 2.1.1 and 2.1.2; Table 2.1.1

gives it_itial c<mditio_s <:ot_lllOt_ to all tire Sut'i, sey e.xl_<,rin_<:t_ts,while Table '2. i.2 gives

i_litia, I ('<)n(liti<)ns f<)r t,]lose lmrameters whose x'a.l_ws were varie<l in tl_eSurlse.y l,(;sts.



Table 2.1.1. Common Initial Conditions for tile SNL/IET Experiments

q hernntc qbtal (kg) 4.30

Surtsey Vessel Volurne (m a) !

Subcornpartments 4.65

Upper Dome 85.15

Total 89.8

Table 2.1.2. Individual Experirnerlt Initial (?onditions for the SNI,/IET Exl)erimcnts

Parameter lET-1 IET-1R IET-3 IET-4 IET-5 1F,T-6 lET-7 IET-8 IET-8B

ltole I)ian,_tci (cm)
Initial 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5
Final 4.04 4.02 4.53 4.22 4.31 3.91 4.08 3.5 4.1

Steam Accumulator

Pressure (MPa) 7.1 6.3 6.1 6.7 6.0 6.3 5.9 - 6.25
Temperature (K) 600 585 585 555 584 571 599 .... 554
Mass (gm-moles) 440 477 456 582 457 505 416.4 -- 538

Water Mass (kg)
Cavity 3.48 3.48 3.48 3.48 3.48 3.48 3.48 62 62
Basement 0 0 0 71.1 71.1 0 71.1 71.1 71.1

Vessel Atmosphere

Pressure (MPa) 0.20 0.20 0.19 0.20 0.20 0,198 0.21 0.20 0.203
Temperature (K) 295 295 279 286 303 308 302.7 304.1 298
Compositi,qu (mole %)

Nu 99.90 99.78 90.60 90.00 16.90 87.10 85.95 85.32 85.80
O:_ 0.03 0.19 9.00 9.59 4.35 9.79 9.57 '_ 9.85 9.79
It_ 0 0.02 0 0 2.76 2.59 3.97 4.33 3.91
CO_ 0.01 0 0.02 0.02 75.80 0 0.03 0.03 0.03
other 0.06 0.01 0.38 0.39 0.13 0.52 0.48 0.47 0.47



The most significant variables measured in the Surtsey 11!71'tests were tile overall

itlcrea.se in pressure and temperature in the Surtsey vessel, the cavity local pressure,

the amount of hydrogen generated by ttle reactioll of metallic debris with steam driving

gas and with water in the cavity, the debris temperatures as it exited tlle instrument

tunnel a.lld as it struck the crane wa.ll, debris velocities based on breakwires in seal table

room openings, and the mass of debris recovered from the Surtsey vessel. In some of

the later tests, cameras were used to determine if the subcompartnlent structures filled

immediately with aerosols, a,nd to obtain information about the debris flow regime and

velocity; also in some of the later tests, post-test sieve analysis was done on debris

recovered from the Surtsey vessel outside the sut)COmlmrtment structures to determine

particle size distribution.

Table 2.1.'_ gives a (lebris recovery summary for the Surtsey lET experiments. The

total molten mass available for (lispersal into the vessel was usua.lly ---20% greater than

tile initial lh<.rlliit,e charge (lue to melting of l,he inner wall of the crucible, vaporiza, tion

of file fusihi<" brass plllg, ablation of colicrete in the cavity and structures, and oxidation
of nl<'lallic dcl_ris.

Tal)l<, 2.1.1 slillllllarizes file colnparative results of the II!')I' tests for overall vessel pres-

sllrizati<_il ai_,l fiJr Iiv,ll'{_g_'n g_'ileration and coml)ustion. The total amount of hydrogen

g_'llol'alo_[ l_,' sl,'itill/illel _1] l'Oacl iOllS was calculated by Sll])i ra.ctii-ig t.he measured &lllOUllt

¢_f lli'el_,sl }!\',li_,li fl'¢)lil l lie Slllil of the measured alliOtlilt of postl, e_t tiydrogen plus

i iie esl iiii;tl_,,i ::lii_liilll _)f liydrogerl i)urned; l.[le hydrogen coint)i_istioil given was based

(>II l li_' as,'illlil>ii_>ll i llal all iJxygj,ll depietioli was due to reaction wii, ti hydrogen and was
calclllal_'_l ilSill_ l li_' sl¢_icliionl¢,iric chemical i'eacl.ioil for the forttlatioll of wa.l.er:

,,,>,,,,, : -

= ,,,,,,,,, + ,,s(S#) -

where the n's are the iltllIll)er of irioles and the subscripi,s 0 aiid .f refer to initial and filial

values, respect, ively. Ii'inal gas concerltrations were llleastlred froI-fl grab bottle setmples

mostly taken 30rain after the HPMI!_ transient in all tests, al levels 2,4 and 6 in the

Surtsey vessel; in seine experiinents, gels grab samples were also available 0-2s after the

start of the ttPME transient (in the cavity), 2-5s after tile start of the ItPME transient

(inside the subcompartment structures) and at 2miii after the t IPME transieiit (at the

same tllree levels in the vessel). There was lil.tle difference in the gas grab saml_les taken

ill the vessel at 2 and 30rain, but there were large differences irl gas colnposil,ion in tile

cavity an(l iliside the subcompartmelit structures durilig the Ill)ME transierit, as would

l)e expected.

There is a significant increase iil h,'ydrogeli colllblistion from tests SNI,/II!]T-3 and

SNL/IE"I'-4 (186 and 236 gin-moles, respectively), which had no pre-existing llydrogeli,

to tests SNL/IET-6 and SNL/IET-7 (335 an<l 321 gln-ilioles> resi)ectively)_ wilh no pre-

existing hydrogeri. In both tests with pre-exisl.ing ]lydrogeli, nlore hydrogeri burned than

10



Table 2.1.3. Debris Ma.sses Recovered for the SNL/IET Experiments

IET-1 IET-1R IET-3 IET-4 IET-5 IET-6 IE'F-7 IET-8 IET-8B

Initial Thermite (kg) 43.0 43.0 43.0 43.0 43.0 43.0 43.0 43.0 43.0

Recovered Mass (kg)
Crucible 4.54 4.63 4.50 4.76 2,60 2.27 6.74 0.23 2.56

Cavity/Chute 7.06 13.19 16.80 9.54 20.07 8.47 1.3.31 42.31 5.55
Subcom part merit 38,03 32.41 31.30 32.67 31.22 36.60 33.99 5.81 26.99
Dome 4.98 3.80 3.00 8.04 1.89 5.87 2.71 2.76 15.87
Tot a,l 54.61 54,03 55.60 55.02 55.79 53.21 56.75 51.11 50.97

Table 2.1.4. Results Summary for the SNL/IET l);xperiments

IET-I IET-1R IET-3 lET-4 IET-5 11!;T-6 IET-7 IE'I'-8 IET-gB

ItPME APMA X (kPa)
I)ome 98 110 246 262 103 279 271 87 243

1t2 (gin-moles)
Pretest _0 ,--0 ,,-0 _,,0 202 180 284 3O7 2S_

Produced 223 252 223 297 313 30S 271 107 2,i7

B urned 1 12 !86 236 50 335 321 114 202

11



was produced by oxidation during HPME, indicating some of the pre-existing hydrogen
was burned. However, there is not a corresponding significant increase in peak vessel
pressures measured. Therefore, the pre-existing hydrogen must have recombined on a
time scale much longer than the HPME time scale not to have contributed te the peak
pre sure increase.

2.2 1:40 Linear Scale COREXIT/CWTI DCH Test Facility

Counterpart IET tests are being performed at Sandia in the Surtsey facility (1:10
scale) and at ANL in the Corium Ex-Vessel Interaction (COREXIT) facility (1:40 scale).,
in an experimental program to investigate the effects of scale on DCH phenomena.

A schematic of the experiment apparatus [18-24] is given in Figure 2.2.1. Major
components of the facility include an explosion-resistant containment cell, an expansion
vessel and a high-pressure steam boiler. A concrete cavity model is contained within an
outer pipe body, as shown in Figure 2.2.2. Bolted on top of the pipe body is a saddle
piece, referred to as the top cap, which contains the melt generator and injecter (MGI).
The cavity keyway is elongated by a transition chute which connects the cavity to the
bottom of the expansion vessel. The _longation is required in order to allow room for
the melt generator to fit underneath the expansion vessel; the keyway is thus elongated
by 2.7 times its correctly scaled length.

The model used for the Zion subcompartment structures is shown in Figure 2.2.3,
and is a scaled-down version of the subcompartments motiel used in the SNL/IET tests.
Prominent features which are modelled include the seal table room, refueling canal, bio-

logical shield wall, reactor coolant pumps, steam generators, floor grating and operating
deck floor. The walls and floors were constructed from concrete and mortar, and the

structures painted with epoxy paint. This model was built tip from the lower flange of
the expansion vessel. The perimeter of the model is defined by a circular concrete wall
which simulates the crane wall in the plant.

_I_st operations were begun by preheating the accumulator, the MGI and all piping
associated with the test delivery system, until predetermined temperatures were obtained.
If called for by the test, water was added to the cavity. The expansion vessel, steam
generator and accumulator were brought to test-specified pressures. Each test was begun
by starting the data acquisition system and starting a timer which applied power to an
igniter assembly which started the thermite reaction. At a specified time after applying
power to the igniter, the isolation steam valve was actuated followed by the steam valve
which introduces steam into the MGI. At some time after the steam introduction, the

thermite reaction reached and failed the brass plug in the melt generator, which started
the high-pressure melt ejection.

A series of experiments were done investigating the effects of high pressure melt
ejection on direct containment heating:

1. Test ANL/IET-1 was the baseline test, wtlile test ANL/IET-1R and ANL/IET-
1RR were replicate tests investigating experiment reproducability [18, 19]. This
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Figure 2.2.2. Ill)ME System, Cavity and Instrument Chute Used in the ANL/IE'I'
Experiments (from [19])
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was designed to be a, counl,erpa,rt test l,o SNI./II,I-I and SNI./II., IR (dis¢'lissed

in l,he previolls sul)section), hi pa,rl,it,ula,r, t,ile ¢lifficulties with late a,l_i)li<:ation

of stemn and collsequent elonga,ti(m of i/C,S blowdowll t,ilne were relnoved in test,

A N L/I !;','I_-IllR.

2. Test ANI_/IErl'-2 [20] was a repea,t of ANI_/Ii!7I'-! with a l_igi_er drivi_g i_ressure.

3. _ " li'_l' "1 " ' ,l(!st ANL/I,,,-_, nominally repeated l,he sa.n/e i11it,i,_l condii, iolls of ANI,/II!,I-I

ANI,/II, l-i !l a,nd ANI,/II!,1-1Illl, with l,lw exceptioll of the (,OIlt,a,illlll(;lli, a,l, lll()-

sl)here, wlli('ll contained an equa,! mixture of air a,nd nitrogell [2l].

?' ' ' 99 ,( ....4. Test ANI_/II, 1-6 [-4 nolnilla,lly 1 :l)(a,l,(.d |,lie inil, ia,I (:Oll(li|,iOllS Of ANI_/II,'/I_-3, ex-

cepL t,he (;olll,ainnlellt, a.l,nlosph(i"' ,'e conl,a.ined l)re-exisl, ilig lly(lrog(,ll, and a siim,ller
t,herl" e Ilse(t.IIIf, charge wa,s

,_) r _,,S i_r _ '. lc, t ANI_/IF/I'-7 llolllinally repea, l,ed the sanle initial coil(til,io_s of ANI,/ll,I-3

wil, h Lhe except, ion Lhat, the ('()_fl,ai1_n_e_fl,pressure was red_ce(l by o_('-l_Mf [23] a,_d

a, s_aller l,ilermiLe cl_a,rge wa,s us'e:d (a,s i_ ANi_/II,"'I-6).''

6. '"" r"rl" 8 " 'l(sl, ANI.,/I,., ,-_ [2.1] noulinally relmal, e(l the sa,lne illil,ial conditions of ANI,/II', I-3

wiLh a, (lilfere_l, cont,ain_e_l, al,_t_Osl)lmrega,sco_posil, io_, and a, s_a,iler l,hert_il, e
"i3r ",

cl_a.rge (a,s in ANI.,/II,I-6).

Initial condii, ioi_s for the ANI.,/II';'I' tests are giw'_ iII 'l'al_les 2.2.1 a_d 2.2.2; '1'>

bh' 2.2.1 gives initia,1 con(lii, io_s c()u_l_on i,o a,I! l,l_e ANI, experi_e_ll,s, whih' 'i'al)le 2.2.2

gives i_itia.i COl_diti(ms for l,hose l)a,rat_tmt,ers wl_ose values wen, va.rie_l ill tl_e A NI, tesLs.

'l'l_e _osl, sig_ilica_l, varial_les _ea,sured i_ l.l_e ANI,/Ii';'I' tests were l,lw overa.I! il_-

('r('ase i_ pressure a,_(I l,en_pera, l,_re in 1,11('ANI_ vessel, l,l_(' (,a,vil,y local presstlre, 1,1_('
a_t_ou_i,()f hy(Iroge_l gel_t_ra,l,('(! by llle rea('l,io_ of _(,l, aili(" del_ris wil, l_ sl,_'_,,t_(ll'ivii_g gas
;u_(I wii,t_ water i_ l,l_e cavil,y, l,l_e _l('bris i,el_i)era,t_res as il, exii,e_l l,iw i_lst,_'_l_'l_l, 1,_el
a,_d as il sl,r_lci,: ll_e cra_e wall, a_d l,t_e _ass of <h'bris vecovere<! l'r()_ tll_' ANI, v_,ss_'l.

'l'al_le 2.2.3 gives a del_ris recovery su_ary for t,lw ANI_/ll:/I' ext)_'rill_t'_l,s. ('l'l_e

i,ol,al l_oil,etl _ass availal_h, for (lisl)t'rsal i_l_) i,l_e vessel wa,s _sually _20% greater tl_a_

l,l_e i_lil,ial l,ller_ilt' cllarge (l_e l,t) l_t'lli_lg of l,l_e iI_ler wall of file cr_cil_ie, val_orizat,io_

o1"l,lle t't_sil)h' I_rass l)l_g, a l_la,liot_ of co_crel,e in I,!_, ca vil,y a_l_! sl,l'_cl,_r_,s, all(I oxi(laliotl

of _wl, a llic del_ris.) 'l'al_h' 2.2.,t s_arizes l,l_e COllll)ara,l,iv_' res_ll,s _t" l l_t' I1';'i' l,esl,s for

overall vessel i)r(,ssllriza,i,i()_ alld for I_ydI'_g_'_ g('_('ral,io_ a ll(I ('o_l>_slio_.
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°Table 2.2.1. Common Initial Conditions for the ANL/IET Experiments

ANL Vessel Volume (m3)
Subcompartments 0.077
Upper Dome 1.43
Total 1.51

Table 2.2.2. Individual Experiment Initial Conditions for the ANL/IET Exl)erimcnts

Parameter IET-1 IET-1R IET-1RR IET-3 IET-6 lET-7 lET-8

Thermite Composition (gin)
FeO 558.0 558.0 558.0 558.0 485.2 485.2 485.2
Cr 88.6 88.6 88.6 88.6 77.0 77.0 77.0
AI 173.4 173.4 173.4 173.4 150.8 150.8 150.8

Total 820.0 820.0 820.0 820.0 713.0 713.0 713.0

tlole Diameter (cm)
Initial 0.9 0.9 1.1 1.1 1.1 1.1 1.1
Final 0.9 0.9 1.3 1.1 1.1 1.1 1.1

Steam Accumulator

Pressure (MPa) 6.0 6.2 6.7 5.7 6.6 6.1 6.5
Temperature (K) 600 600 600 600 600 600 600
Mass (gin-moles) 7.44 8.55 9.84 8.43 9.65 8.88 9.36

Water Mass (gin)
Cavity 55.0 55.0 55.0 55.0 55.0 55.0 55.0

Vessel Atmosphere
Pressure (MPa) 0.20 0.20 0.20 0.20 0.20 0.10 0.20
Temperature (K) 318 318 318 318 318 318 477
Composition (mole %)

N.. 99.4 99.9 99.9 88.8 87.5 87.5 37.9
02 0.5 0.0026 0.12 10.8 9.9 9.9 7.7
It2 <0.01 <0.01 <0.01 <0.01 2.0 4.0 3.9
C02 0.0048 0.004 0.011 0.011 0.013 0.013 --

It_O ........ 50.0
other <0.01 <0.006 <0.005 <0.02 <0.01 0.47 0.5
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Table 2.2.3. Debris Masses Recovered for the ANL/IET Expel iments

IET-1 IET-1R IET-1RR IET-3 IET-6 IET-7 IET-8

Initial Thermite (gm) 820.0 820.0 820.0 820.0 713.0 713.0 713.0

Recovered M,_ss (gin)
MGI 87.4 4.0 43.3 67.3 30.3 4.0 11.8

Cavity/Clmte 541.6 197.1 260.8 232.2 262.7 153.7 179.3
Sea.1 T;tble Room - - 148.9 163.1 167.9 113.6 158.7

Rema.ining Subcompa.rtments 339.0 551.1 358.2 428.2 339.6 448.9 405.3
Total in Subcompartments 339.0 551.1 507.1 591.3 507.5 562.5 564.0
Outside Structures 66.7 87.7 114.6 37.8 81.3 26.2 22.6t

Total 1034.7 839.9 925.8 928.6 881.8 746.48 804.5

t A n unknown amount of debris was lost du ring tile vacu uruing l)rocedu re.

Table 2.2.4. l{esults Summary for the ANI,/II_:I ' li',xt)eriments

II'.I-IIFT-IR IF/I'-II{RIL -3 II!'/I'-6II,I-7 IE'I'-_

Ill'ME AI'MAX (kI'a)
C_tvity 420 920 550 200 480 430 290
l)ome 105 170 150 190 250 166 133

II2 (gin-moles)
Pretest ,'_0 "-,0 "_0 ,v0 2.28 ,,,0 3.1
Produced 1.51 4.00 4.00 ,'1.65 4.89 5.1 5.6

Burned _,,0 :,,0 ,-,0 3.50 4.22 3.66 1.0
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3 MELCOR Computer Model

('l'Ilisse('l,iolll)resul_)l)OS('ssonl(" familiaritywit,h tlm MI:,I/I',()I_,I:I)I/IIPMI;:/I)(I||

111o¢1el,its t('rlllinology and modelling assulllpt, ions, alld its input re¢luirelueIIts. A brief

descril)tiollof tllelllc,del,(,xcerl)tedl'roIll[26],isincludeditlAppendix A fortllecoIlw,-
llieIlt'eof i111,eresl,e(ltea(lets.)

Nole tllatnlostilldivi(lualp_-'Ir|'_-l,||'l('l,('|'Sill ()Ill'MI!',I,(:OI(inputluodelswere not .Sel)a-

rawly a<ljllste(lineach(,four MEI,(',OI{SNI,/IET and ANI,/lliTI'('Xl)('ri111('t_l,allalysesto

bf'st lll_'lrl,C]l data for eacll iiidivi<hlal experilnellt, lustead, the 1)a,,-;iccoutrol-volllnw/flow-

l)atll/lleat-sl rllctllre nlodel was kel)t the sallle for all ,SNI.,/1H' eXl)eVilnellts analyzed, arid

a ,,.;ingle set of debris sol,roe, distril)utio_ and interac'l, io_ l:itue l)ara._etc'rs was _sed for

all the SNI.,//IET c,xp(,rin_et_Is a,t_alyzed. Sin_ila.rly, lhc, I)asic (',Vlt//I:I,//I1S i_t)_l _t_odel

a_d '11_, del)ris so_rce, distril)utioI_ a,nd i_i,er,acl, io_ l,i_e l)aran_eters was _,'-;('<!for all I,t_('

ANI,//ll'71' calc_lalio_ls were the ,sat_(,.. "l'lle only tesl-specilic cha_ges _a(l(' were to ,,.;el

ti_e initial l)re,,.;s_re,,.;,tetnl)era.l_re,s, gas co_t)osit, ion, a_d ligui(l I)()ol t_eighls to _a, tch

i_divi_l_lai eXl)erimet_t i_ilia,! col,,litions.

3.1 l:10-Scale Surtsey Test Facility MELCOR Model

'File MI:,I,('.OI( i_1)1_I 111odel used for I!1(.'.SNI, IV,T eXl)erimeT_t ('alculalio_s is sl_own

in l:ig_r(' 3.1.1. l:iv(, ('()_ltrol vc)l_es, five flow l)atlls, a_(! tw('lv(, Ileal slr_ctur('; were

_sed in itl(' refer('_c(' MEI,('()I{ niodel. (A Col)y of th(, i_li_lt, used for lh(' ,S_lrl.s('y I1'71'-1

r(,f('r('T_('(,(:alculati(m is given i_ _.11<'api)('_(lix, for (to(:l_nl('_tatio11.)

Tw() ('o_trol vol_ules r(,i)rese_fl, the (li(_rizontal) cavity and (i_l('li_l(,(t) ('l_ut(,, r(,sp(,c-
tively. 'I'l_e Sl_rl,sey vessel was sut)(livided itlt()two co_ltr()! v()l_l_(,s, o_(, for |,h(' s_ll)-

col_Imrtill('l,ts a_d another for t!1e upp('r (lo1_e. 'l'l_(, fi_lal <'()_ir()l v()l_l_(, tl_od(,ll(,,l tt_(,

sl.ea_ s(mrce, l:ive flow paths were l)rovidc'd for straighl flow l l_r(,_gll I1_(. sy.sl,(,_, a_d

f()r recirc'_lali()_! t'r()_! the Ul)l)('r (lol_e to file sul_c,On_l)arl_ent volllt_l(,. \:olll_(,s aIl(l

h('ights w('r(, generally taken frown the iesl (lala r(,i)orts [10-17], wllil(' s()l_(, ()f 111(,/l()w

l)attl l)aralt_('t('rs were take_ l'r()_ tl_e (II()N'I'AIN i_1)1_i.(leeks [27], l,(,('a_s(, ll_('re was _l()t

e_o_gl_ il_for_natio_ in ll_(: publisll('(1 tes! ret)orts to fi_lly d('lill(' lh(, r('q_ir('(! illl)_ll (s_ch

as flow area, Ol)ening Ileights, ('levatious, loss coefli('i('_Is).

Tile ('onl rol-volun_e _lo(lalizalio_ was set t() al)l)r()xi_1_al(' tl_(' I(,v('l (,t' ,l(,lail l_r()vi(h'(l

il_ the ])o.sl,-l(,si. debris recovery (listril)_atic)t_ data l)rovicled il_ ll_(, lest ,lal a r(,porl s [10-17];

w(' j_(lged that a (iller s_l)divisio_ in tl_("slll)cot_l)ari_ne_Is was t_ol warra_l(,(! I)(,(,a_s(, th('

MEI/;()I( I)(',tl _11o(!elI'('({lliI'('S l,]lO final (l(,I)ris (listril,_lli(,l, 1()I)(' i_l)_lt (,_ a I)_'r-vol_a1_l('

I)a,sis, a_l(I l,here were no da,ta availal)l<' ()_ a li_t'l' s('al(' for (,ill_('r i_ll)_l ()r ('oll_l)ariso_l.

'l'lle "r('(,ir('_lation" flow l)atl_ wa.s l)rovi(l(,(I to allow for ttl(, fa('l l llal i_ l,l_(,a('t_tal facility

wilt_ 11_¢'l)otet_tia, l of i_ft()w in so_(, (,t)('l_i_lgs a_l¢l o_ltl(,w if, (,ill(.rs. '!'1_' a,r(,a (,t" final

recirc_lation [low 1)all_ was se! to 1()% of lt_<' area of _1_('sli'aigi_l-ll_ro_l_411 tl()w i)all_ l'r()_l_
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the subcompartments to the dome. (Sensitivity studies were done with that recirculation

flow pa,t,h _trea. increased and decreased, with results summarized in Section 7.a.)

A valve with a t,ime-deI)endent, area wa,s used in the flow path from the ste_ml a.(:CtlIDll-

lator to the cavity to control the rate of steam injection, with the opening rate adjusted

to provide a valve opening a.t a, constant; ra,te between 0 a,nd Is. Although differenl, final

hole diamel,ers were idenl.ified in the test reports for the opening from the mell, genera, l,or

to the ca,vii,y, the input was kept the s_mle for all the SNI,/IE'I' experiments _malyzed

for the va,lve and associated time-dependent a.rea, used in the flow path from the steam

accumula,tor to the ca,vity to control the ra.l,e of steltm injection. In the exl)erinients

the t,liernlite reaction l)roducts and the steam were injected through the same ()pening,

wiili some indica,l, ion in the da,l,a of occasional plugging and flow inl,erruption. In the

MEI,C, OI{ model the debris is inserted separately, directly to its ultinmte destination;

thus MEI,(:OI{ does not, niodel a,lly debris l)lockage or obstruction possibly aft'ecl,ing i,he

steam injectioil ra,l,e. \¥e sinlply a(ljuste(l t,tie opening ra,l,e to match the observed stea, ni

a.('('uinlllator (lepressliriz;ition r_tl,es in l,lle various tests reasonably well (as discussed iii

niore detail in S('cl, ioli 5.1).

The post-reaction l,hernlite debris w_ts added directly througll tabular funcl, ioll input

using l.he Fl)I IIPMI'; "staild-alolle" mode, rather than input _,ia COIl, p_tckag¢; or 'l'P

(Transfer Process) package inl)llt. The VI)I inl)ul; for debris alilolirll., l enlp¢,r_l.l,ure aild

disl, ributioll were kept. the sa.nle in our MI'_I,(:OII itll)Ul for all tests ailalyzed, all.hough

tll¢'re were diffcrellces idelitified in the t.esl, reporl, s in debris disl, ributioll. Tll¢' dil[iclllty
lit inass was w'rvhere,,v_/sthal,, while tile original a.inouul, of l,llcrll " _' .:ca,rcfully kei_l constaill.

in all ('Xl)('riments, bolh l,he atnount r(,l,airied in the inelt g(,ll(,ra.l.or aild the excess d(,I)ris

collected l)Ost-l.esl (fl'Otll illcll,ing of the inner wall of the crllcil)le, wltml'iza, l ion o1' llie

fusible brass plug, ablation ot" concrete ill the c_,vil,y aiid sl,rucl, ures, aiid oxidatioli of

illet,allic debris) iilt.roduce signilica.lit uncerta.itll,y inlo lilt debris soul<."'e \'\Te cliose 1o

ilS(' reasonable; l'epr(:'SOlil,lil, ivc' valll(,s for tll<' del)ris lllii,ss alld dist,rilllll, ion for the SUI'I,s('y

IET CXlleriilienl,s> aiid _tddress tllc v_-u-ial,ioli in both l,ol,a/ llili,ss _-lllddisl, rillulioli llirougli
selisit, ivil,y stlidies.

Tile iliplil, [)ara,llieters for the debris source used ill l,lle MI:,I_('()I{ inl)ul, ill'(' givon
ill Table :1.1.1. 'Hie debris ailiounl, was kept coilsl,aiil al ,13kg for all lhe SNI./IE'I'
extmrililents _lllalvzed, lloglecting boi, li the sln_-lll excess ilia, nd l,li<, siiiall va,ri_/liolls ili
i ot,_ll _-IilIOUllt of debris collected (sullliili/rized ill Table 2.1.',i). The debris lx'liii)('i'al, iiro

was sel to 2:11)0I'_l,eillpor_-ll,ur_-'. 'l'tle final coilectx,d debris distriblii, ions giveii ili the test
d_l_l rcl)orl, s (_.liid ili Table 2. I.',1) w_is used i,o eStiln_llx, a. single, avcl'_lge (lislril/ulioli <:if

<lebris into t.lic varioiis conlrol volilllles. 'Pile MEI,(!()Ii I:I)I/III>ME llio<lel inllul, illlows

l,lie llSt'l" I.o specify debris distril)lllioli l/ot, li iillo colit, rol VOIlllli_:' a,l lliOSl)li(,ros aild directly

olil,o iio_,l sll'ucl+ur_,s (as well _ls _lirecily ilil,o a ('OI/('ON cavity, liol, iiicllldc(I ill lliese
c_lclllalions). All of file debris ill oilr lET assl'SSliiolil. _lillilyscs w_ls l_l;Iced inili_/lly ilito

Colll, rol vOllllll(' ailllOSlillores alld l.llOli allmw'<! i,o s_,ille <Jill,; IiO _lelll'is wills Sl)ecifie<l I,o
Im dcposiie{1 iliilll_'<li_llx'ly <lifo'oily olilo lie_ll, sl, i'ucl, llr<,s. J l,lihuliir flilicl, ioli w_.ls lisoll to

Sl>_'cify i,h_' ilioll, ili icci,ioil ils ii I'iilicl, ioli of lilli<' _-lii(! w_,is _diusl,_'<! I,o fry Io ili_.l,l.cii ille
i'iilx, of t>l'OSslirl ' _tii_'l Ix'iillJ_'i'iil lir<' ilicrt,ase ill l tie vessel. (,qensil, ivily sl.li<lies v_-ii'yilig llle
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(h,l,rin tol_al atllolltli+, s.(,ttlt)(,rat,llr(,, dint.ril,lli, iott and itl.j<':l.i_,tl t,itt_itl_ wit,11itl a r(,anoila,I)h,
H<('i,ions 5.3 5.,1 _"_"ratlg(' of (ial.a tlll('('rl, aitll.y at(, pr(:n(,tli.(,d iu " , , ,).,), a li<l 5.2.)

A sitlgl(, s(,l, of ¢:lla+ra¢'l,(,rist,ic illl,('ra¢,l,iotl l.itlt(,s wa,_ Sl)('<,ili('(I for all t+ll('n('v('u of 1,t1(,

,+ ¢'_r _ ",I

('r_'t_'<,SNI,/II",'I'a_aly._'._at('_iw't_it_'l'al)l(,3.1.2.'I'I_('characl,erinl,icl.itt_(,,_fors(,llling

(r,,,_) of (l(,l)ris it_ t.l_<,(:ot_l,rol volum(' a.l.tt_Osl)h('t'<,sot_i,o lloor h(,al, si+rll('i+llr(,s w<:,r('l)ase(i
t_l)O_ I'r('¢'-l'all t it_c's for t+h('va,rio_ts volut_)(' i_('i_hl,s, aJ_d aJ'(, l.l,(,r,,r(,.<,l)roi)orl, io_la,I l,o
"+,.'()Itll])('li('i,Kllt+sali(l ('ot)si,a.lll, in l,h(" va,riot_s t,(,sl,s; t,lle"t( ('()tlld l)(' s()11_ci,(.'sl,-l,o-l,csl, vari-

('t)v_('c'lxl+v'alic)t_s,whi('l_ i_ a g;v(,t__('o_('l, ry sl|ould I)(, al)l)rOxit_a,l,c,ly (:ovlsi,a_t, l'(,r i(h't_t,ic:al

I)ara_t_c'ic'rsit_(lividua+lly ovc,r ,,rich' ra_(,_ of valt_(,_.)

'1't_<"('llara('tc, ri,ti(" l,i_(,s rot ¢)xiclaliot_ at_d hc'at tra,t_sl'c,r(T,,.,.a_(! r,,_, r(,sl)(,c'livc,ly ) of
(l(,l)ri,,.+i_ ill(' ('ot_it'()l ,.'ol_t_(, +-IrI.TII(),'.+I)II(,I'("S , _I,".+w('ll a,'.+a (,l_ara('i,(,ri,'.+l+icli_(' f(,r oxi<lalio_ t)l'
(l(,l,ri,,.+<h'l)o:-+il('<l(,_ l_(,al,,'.+tru<'t.t_r(,.,.+(T/,.__,,.,.),it_ 'l'abl(' 3. I.',+',v('r(' ,'-+<'l('('l,('<lart(,r _l(,r<)_,,-+

il<,ral.lot_,,-+a.,,.+_i'+'it_,u,t'<,a_(,_al)l('a_r(,(,t_<,_l will_ a _l,,,-+<,t<)I"t,(','-+t,<lal.a(it_ l)arlic_lar, v<','-+,_<,l
l)r(','-+.'..+t_r(', ,'.+l_l)(()t_)l)arl.tt_<'t_tl('t_l)<'rat_t'<' a_l<ll)+,'(It'<)_('_l)r()(l_('l, io_ at_d ('()ll11)llHli()ll)ill I,I_("

,"+NI,/I E'I' ('×l)('t'i_l_(',t,_ .'-+it_lat+('(l.

Not(' l l_at l l_('t'(' i,'.+t_() t'(,a_ot_ t() a.'-+.,.+_tt_('tl_al t l_(' d(,l)t'i.,-+sorer('(' a_(l illi.('ra.<:'li()ll it_l)_l

l)araI_l<,t(,r s('l _iv('t_ i_ 'l'al)l('s 3.1.1 a_(l 3.1.2 is t_li(l_(, (i._ t l_<,()_i13"s(,t to l)rovi¢l('
r(,a,,-+o_al)l<,a,_r(,<'_<"_l ",s,'ill_l l_<,.'.+('I('¢'1,(,(It(,,,.+t<lala); it i,,.+al,,.+o_()l ,_arat_l<,(,(l l.l_ai t l_(,
it<,rativ(, l)rO('('(l_r(' l'oll()w<,d t'<',,-+_li,_i_ a, it_l,_t l)ara_t_<'l<'r.'.+('ttl_al wt,t_l<lyi('l<l I I,, l)<,,,-+t

a_t'(,(,_('_l +,viiI_(lal,a, (_ra,_r('<,_(1_l,v,,,il.l_(lata. l'<)r il_(, "('()rt'(,('t" r(.an_)_.,-+(i.+., r<,l+_r(,.,.+(,_litlK
ti_(, a¢'t_al l,('l_avi()r), l"()r (,×at_Ipl(,, l'r(,(,zi_.¢ ,,.+(,_(,¢)I'tl_(, l)at'a_(,t,(,r val_<,,,.+('arly i_ t l_i,,.+

it(,rativ(' l)r<)('<,,,-;,,-;_<h)t_l)l.(,(lly alr<,('t,('¢lt.l_(,val_(,,,-+a,,-+,,.+_<,<ll<)roll_('r l),r,_(,l(,r,,-+. Ig_rll_(,r,

a l.'..+()a[l'('<'i Ill(' valtt(,.',.+('ho,',+<,t_l'or va,ri<)_l_ l)ara_('l(,t',_. It_ l)arli('_lat ', l l_('<l)(_i('t' ()I"a v('rv

_l_ort. l it_(' ('()l_:,.+latli.for ait'l)ortl(' (l<'l>r[,,-+()xi<la.ti()_ (().02,% it_ t+l_(,r<'r(,r('llC(, altaly.'-;(,,,.+)was

_+tivil,.y ,'.+tt_(ly t'(':..+t_It._i_ S('clio_ 6. I ,'.+l_owv<,ry lil,l I(' (lilr(,r(,_('<, il_ <'al('t_lat,<,(l l)t'(','-+n_t'('._<)r
l,('tt_l)<'rait_r('s for O.Oln _<T,,j. __ 0. I.'.+,at_(l I I_(' ILy<It'og('t_l)ro<It_<'lio_lat_(l <'o_l)_Istiott lat<'r

<h,riv(,<l l't'_)_t_a t_<)lar Imlatl(:(, a.,'..;SUtll[t_,ff,()t_l)' sl+('at_+/ll_(,la.l t'('a<'i+i()ll,n(a.'-;[l_ i,ll(' l.('si, <lata

a_a.lysis) [,_ i_ l)(,i.t(,r ag,t'(,¢,i]l(,_l, wit.l_ l,(,sl+dat, a l'()r I,I_(, lo_,K('r +'l_at'a('t(,ri+li(" ()xi<lalio_l

li_('m t.ri<'¢l (r,,.,. ,-,.,O.ls).

it_ t,l_(' t_a,.joril,y of ot_r 11':'I'a_alysin ('al¢'t_la.t,iot_s, I,!_<,I)_r_ i,acka_<' wan a<'tival,(,d, I)_1,
t)_ru was m_l)pr('sm'd i_ all ('ot_t,rol v¢)lt_t_<',<,xc<,pt l l_(' v<,,n(,I<h,t_('. '1'1_('t_i_itt_ (('()'2
+ II_0) _nol(' t'ra<'l,iot_ ii_il, for it_ert,iug, ,.,olutt_<,_was h'l't, _t_<'l_at_(,¢!i'rot_ th(' (l<,t'at_ll,valt_.

oI" 0.55 (wl_ich was ,'.;_lli<'i('t_l,i.o l)r<,v('nl, hy(Irog(+_ ('o_t_l)_.'-+l.iot_i_l HNI.,/II':'I'-,_, as ol),(,rv¢,(l
it_ l,ha.t, (>Xl)(,rit_(ml,). "l'h(" tnit_itt_t_m ILv<lrog('t_t_)()l(, fra('tion itl t,l_(, i_t_ilio+_ ('ril+('rio_ i_

t;h<:'al),'.+.n(('("•, of ignil,(,r,,.;,wa,,,.+s(,t, I,o 0.0, at_d t l_(' <::ot'p,l)usi,iot_ ('ott_l)l(,l,et_(,s_was also s('i, i,()
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Table 3.1.1. MEI,(_()I! FI)I/tlI)Mli ', l)et)ris lllt)lit t)araint,t(;rs Used for tile SNI./IE'i'
Exp(,rimenl, s

l)(,I)ris Colnl)osition (kg)
Al,2():l 16.056
lg; 21.69.(t

( '.r 4.649
A I 0.596

Total 43.00

l)(,t)ri.<i Teint)(,ralur(, (I() 2300

l)el)ris l)istriliulion (%)
(',avii.v 15
( ',liul e 10

!1I)(:Oll i pal'l, I! I (,'I I |, ()5

I)oni(' 10

l)(,bris lil i(,ci,ioil Tililiiig

(C+uniulatiw' lg'actioli)
I)y t-()s 0

I)y t---0. Is 0.05
t)y t--(i.2._ 0. i

I)y i--().:ls 0.15

I)y i,--0.,ls 0.2

I)y t,=0.Ss 0.3

by t=().6s 0.5

I_y t=O.7s 0.8

I.)y I =O.Ss 0.9

t)y I =0.gs 0.95
I,v t=l.Os 1.0
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Table 3.1.2. Characteristic Interaction Times Used in l{efcrence MELCOR Model

for SNL lET Experiment Analyses

interaction 'I'ilne Value (s)

Airborne Debris:
Oxi(lation 0.025
tleat Transfer 0.40

Settling
Cavity 0.15
Chute 0.35

Sub(:ompartment 0.25
I)om(_ 0.60

l)eposited l)et)ris:
Oxidation 600.0

0.0. This colnbinat.ion of input l)rev(mt,ed the bllrning of any l_r(_-existing hydrogerl, but
allowed burning of ally additional hy(lrog¢,ll generated dllrillg tile tIPMI';. 'l'tlis is |)e(,mlse
a combustion complet(:,ness eqlla,] to 0.0 does not mean :lo ('onlbustioil; i llstea_l, sl)e.cilying
a. colnbllstiori COml)h,i(mess of 0 causes th(" (:o(l(,logic to try to nlaintairi tll(,,nlol(' fra('tioIis
at't(_r the bllrrl equal to tile rllole fractions t)efore, so that ll('w hydrogen intro(lllc(,d
dliring a tinm Stel) , _qther by oxidation or t)y a(lw'(,tion, will b(, t)lirz_(,(lbut pre-('xistiI_g
hydrog(.',_ will re_nain present and generally u_rea(:t('(l. _i't_isl)arti(:_lar ('o_binatio_ of
i_,p_t was found to pr()du(:e reaso_lat)l(' a,gr(,('me_l witt_ test data in all cases. ('l'h(' r(,sults
of s('nsitivity slu(lies _sing oth(,r l)ossibl(, inl)Ui,s(,tti_gs ar(_d('scribe(! in Se('ti(m 7. !.)

Nole that the c()_l_t)ustion (,o_nl)leten('ss (lid _lol have to !)(' reset to 0 in tlw i,_p_t,
t)_.cause in these prol)l(mls th(, l_e('.hateli(,r f()rnlula }" is si_nply th(, tly(lrog(,_ _lol(, I'ra,(:-
tion :rH._(l;('calls(. x('o = ().0) mid, with the, l_y(lrog('n _()l(' fractio_ ignitio_ lin_it res(,t
to 0.0, tlw l_e('hat(,li_'r i'orl_ula at ltl_' t)(,gi_[_i_g (,f tl_(' t)l_rn (}'AeAX)is also 0.0, and
ll_' default (:orrelation used in MI';I,('.OII giw,s ('o_l;_lsti()n (:()_l)let(m_ss (:C=0.0 for
)'A_AX < 0.03746. 'l'l_'refor_', with a l_ydrog(,n _ol(, fractio_l ignitio_ limit of ().0, the
(:(_nl_stion (:o_pl_.te_wss (:orr(,laii(m us(._i in MI",I,(_()i/ a_al(_ati(,ally giw,s a (:()1nl)_s-

'1'1_(,heat str_(:t_r(' i_l)_t was g('_wrally lak('_l fro1_ (ION'I'AIN il_l)Ut [27], t)(,(:ause
th(,r_, was _ot _'t_o_agl_it_fort_ati(,n itl til(, l_ul_lisl_e(it_.sl, r_,l)orts t() t'_lly (i_'fi_(, tile r(,-
q_ir('<l i_t)_lt (su('ll a,s Ii(,at str_('tur(, s_rt'ac(' a:'<'as, tl_ick_(,ss(,s, ('l_'vati(_ls, ¢/,c.). 'l'he

corr<'sl)O_di_g floor, wall a_l_l roof tl('al slrl_ct_r(,s, h)r a to_a,I of lw('lv(, I_('at sl,r_('l_r(,s.
'l'tl('se stru(:tur(,s were Sl)ec:ifiedto _s(' "('xt(,r_al _' i_(,al transl'(,r (,o('[li(,i(mt (,orrelati()_s ()_
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the inside surface, with the volume length/height input us the characteristic length, while

on their outside surface the heal, st.rllctures were specified to be adiabatic. The nodes

were very closely spaced on the inner surface and moved progressively farther apart in

the depths of the structures, to better resolve the steep temperature gradients expected

near the sutfac""e_.Radiation heat tra tM'er using the gray. gas model w_s enabled with an

emissivity of 0.8. All heat structures used MEI, COtFs ste_tdy-state tempera, ture-.gradient

self-initialization option.

Most of our calculations were rim with control voluIne |low areas reduced by factors
of >_10 fi'om their default values, to enhance convectiw' heat transfer fi'om the control

volume atmospheres to the heat strll(:ttire surfa,¢.. ('I'he con• ",s trol volunle flow areas are

used only to obtain voillme velocities for use in the calculation of convective he':at transDr

coemcients; chal_ging control volume flow areas does 1_()t,_[t'ect flow pat, h (:al('ulal, ions at
all.) The convective heat transfer was enhanced for two reasons:

s , f!ow through the sysl.erli in theseFirst, our preliminary calculations, Ilowed thal, l.he

calclllations was primarily that associated with the steam blowdowll only, [Iowil_g fro_ll

the slemn accumulator through the cavity and chute volunles to the sul)conll)artments

mid then to the dome. The MLI,(,OI{ FI)I/HPMF/I)(:it model does not model tra.lls-

port. of debris t eric( n an_ "" d l.hrough volulnes but instead 1¢l)oslts the d(.'bris directly at its

Illtinla.te (lestina.tion, using the salne time-de-p('.nd¢ nt' del)osit.ion in all vol_mes regardle_ss

of their distance fronl the debris sollrce, rI'hus, instead of debris being transported into an

"llpslr('aTn" volume (e.g., the cavity or the sut)compartments) with tile blowdown sl,eanl

and the resultant additional heating adding to the driving force pushing flow t'urther
_'I | . •"downstream (e.g., from ,h_ cavity to the chute or the subconlt)arl, nlents to the donm),

the Mt']I,COR logic does not _cpr"' ese.:Ifl, tills additional flow driving force and ill contrast

has debris al_pearing "upstrean:' and healing the atmospllere in upstreaIll w_lllmes, if

anything contributing a retarding force to the expected flow. This results in lower veloc-

ities, and is more benign than the transient HPME blowdown actually occt_rri_g in the
experiments, with transport of hot debris tog l,h¢:._with ti_e steam blowdown

Decreasing volume flow area, s resulls in increased volume velocities more cha,ra,cteris-

tic of the turbulent condition,s that might be .xp(-cted during t tP 'e" • M t:,, and t,l_e associated

turbulent forced convection heat transfer to strucl.t_res. Fk)r the subcompartmel_t control

volume, in particular, it also reflects the fact that there is not a single, large, open sub-

compartment volume in the Surlsey fa.('ilil,v but instead _ c ll¢ction of subcompartnaents

each with smaller volume and internal flow area and with smaller-area openings connect-
ing the subcon_partments to _a,.h other ane • d to the dome. Thus, a (default) volt,me flow

area of >4.5m _ obtained using the subcompartn_ent volume of 4.65m a and a height of
_>lm may not be indicative of the actual veloci "e't__s in the subcompartments.

i

In addition, the MLLCOI{ FI)I/I|PME/I)(,H model does not. account for any r_di-

at|on directly from airborne debris to surrounding structures (or from deposil.ed debris

directly to atn_osphere). There is little or _o calculated at_nosphe_'e.-st_u(ture"• • radia.tion

heat transfer e.a,_ly"in these transients (ex("'e_t)t in ILI-5),e_' b,'ccaus_., MLIa'....COR only con-

siders radiation heal, transfer for sl,emn and/or (;02 in atmosi)heres. In _>q_ _•,_,• -,_,, sortie

atmosphere-structure radiation heat transfer is calculated because of the large amount

25



of ('()2 _ls('(t lo i11(,rt the s.ystenl; however, itl )host of the eXl)erilnent simulations there

is very liille st(,a,ll 1)resent early in l,lw transiellt, becallse a10' blowdown steam is COll-

SlllI_('(l ill (l('l)ris oxi(latio)l soo)l af(.er a:rival, ail¢l very., little (:0.2 t))'e'::scIl(,'at all. The

lack of sleal)l all(l/or (I(),2 ill lh, al,lllos,l)ller(' would if a,nythiIlg enllance r_diation hea, l,

traiisf('r t'roIll airl)orll(' (lel)ris to structures I)eca,use lhere would be little absorption in

tile iut_,rx'el)illg al_)_ost)l_(wc. Ita_l(I calculations indica, te thai, this co_ld be a, sig)_ificant

li_('al Iratlst'er )l_(,chanis))_, early ii_ th(, l,ra,)_sien(,, l_ecause there is )_o wa,y in MEI,(',OR 1,o

t_lo(h'l l.]lis el['ec(, 1oo )nuch energy may I)(, deposil,ed i)_ the _l,mosphere by the a.irborne

del)ris; I)ecause (,tl(,rc is _o convcnie_t way 1,o enl_a_ce al;mosphere-strucl, ure radial, ion

l_('a( Ira._sf('r i_ g(,n('ral, w(, relied ()_ in('r('a.sing (:o)_v('.(:tive ht:a.l, (,ransfer instead 1,o hell)

r('lll()v(" lhal ('n('rgy.

l;])r tiles(, r(,aso)_s, m()s(, of our cal(:ula.tio_s w(:,r(: run with control v()lunm [h)w a.r(a.,

r('dl_ce(! t)v fa('l(,rs of _>10 fro_ (,heir default values, to obt,ain volume w__locities _()re

('l_ara('i,('risli(" of l,l_e (_rl)_l(m( conditions (,l_at _igl_l 1)e expected d)_ring HPME, a.nd

ill(, ass¢)('ial('(l i_l'l)t_l(,_( forced co1_vecl.ion heal, (.ra._sf(:r to si,ructures, and (,o pa.rtially

a('('())_)_( f()r (l)(' la('l< of a)_y radiation fi'olll airl)orne d(-'bris to stt'u(:tures. The r(,sull, s of a

S('llSiti\'ilv sl II(]y SllOWillg ill(, ('ff(x,(, of incr('asi_g volu)))(: velo(:ii, ies and hent'e ('onvet:l, ive

I_('al lra nsf('r (o('tli(,i(,)lls a1_(t ow,rall heal, (,ra_sf('r (.o sl.ru(,l, ur(_s are given in Secl, ion 7.'2.

(),_r r('f(,r(')l('(" M I,:I,('()I{ It'71' (,xl)('ri)_)('_(, a)la.lyses were run wi(,l_ tl)e coefli('ienl; for
• ', ,('1Ii('al l,ra)_sl'('r t'r()))) (l(,l)()si(('(I (M)ris to sl, l'tl(:t/lr(" su)la,c r(,(tuce(t (,o lw/m 2 K. This

was ()rigi)_allv (lo_(' l()avoid l(,)nl)(,ral, ur(' il,('ra.l.i()n converg('_('e l)_ol)l())_,, and was not

(l)a_g('(l wI)(')l II_e l('lll])('l'_-illlr(' s()l_l,h)_) a lg()ril.l)n_ was in_l)roved a,_l(l _la,(h: n_()r(: robust

(as ,lis('_ss(',l i_) S(,c(.i())_ ! 1). 'I'o see wha.l (,ff('(,l (,llis ha(l o)) our ana.lys('s, a s('t of cal('u-

lilrli()llS W('I'(' I'1111 wit]l l,ll_-t( t)eal, tra)_sl'er (,oeftich'_t progr(,ssiv(,ly i)_('r(:as(,d (,o 10w/n_'e-N,

10()w/_-l(, a)_(l 1()()0w/))_"_-l( (tl)e (hfault'" valu(:), wil,h res_lts des('ril)r(1 i)) "'n(('t_"()n6.5.

'l'l_(' _s(,r-sl)('(:ili('(l _laxi_)m_n I.iI_)('sl.('I) in (.lie _'(,l'(')'('_(:('(:alc_la.lions wa.s Is. 'l'h(,cod(,

(])(q))'a_ al a)) i)_l('r)_ally-(l(,(.(,r)))i)_e(l l,i_))estep (l))ri))g (,l_e higl>i)ressur(_ )))('It (,j(x:(.io)_. as

(lis('llss(,(l ill .q('('(ion 4, a._)(lat t])(, user-sl)('(,ilied _naxi))_ut))(,i)ne sl"('I) later in the l,ra)_si(mt

. "('"..... aJcula.tio_lsl)('rio(l a)_alvz('(l, l(('stllls of a li_n('-sle I) sl,udv on th(_ SNI,/II'7I' _ t(:_(no( c are

giv('ll i_ F,('('(i()_l .9.2. 'l'l_(' _ajoril,y of (l_('s(, IV'l" l)(:ll Ml"l,(:()ll ('a.lc_la.l;ions were ru)_

()1_a S[:N St)ar('2 w()rkstalio)) resulls of a _)_achi)_e-(I I)1M(ncv sl,u; (' e ' .. dy for tim SNI,/II']T

r(,fi,re_l('(' ('al('_ilal i())_s are gi\'e_ i_l Se('th))_ .9.1.

3.2 1:40=Scale COREXIT Test Facility MELCOR Model

'1'1_('NIEI,(!()I{ inl)ut (t('('k t'or (,he ANL l:4()--scMe test a)_alyses was very sin_ila,r 1()

l]lal for lll(' ,S_lrls('y l:10-s('al(" fa(:ilitv and tests, shown i)_ Figure 3.1.1. (',()ntrol volume

vol_I)_('s aIl(l l_('iglll,s, _t_(l (,l_e l)lowdown orifice flow a,reao, were (.ak(')_ fr())_ (.he (,('s( data

r('l)orls [lS-21] v,,h(')_('v('r possible. ()(,l)('rwis(,, (,h<+inpu(, values us(,(l for (,i)e SNI,/IE'I"
a_alvs('s w(,r(' sil_)i)ly a(t,i_st('d a,s a t)prol)ria, te t)y the diff(:re_lc(" in s('al(' fa,(:lor I)('lwe('_

l])(, lwo t'a(,ilili(,s (i.(., 1/,1 for l_eigl_l.s or '.q,gl,l_s, 1/16 for th)w areas or s_ri'a('(' ar('as).

'l'h(" ()l)(')_i)_g li)l)(' lbr I.ll(- sl.ealn blowdown valv(, a)l(l for n)elt i)lje('l,ion was scal(,d I)y
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1/,4 fr<)1_ll,lle F,NI,/II-';'I' input used, t_ased IlI)<)a exa,lninatiorl of l,lle eXl)erir11<,lll,al resull, s.

The <lcl>l'is a.moll111,a,lld distril)ul;ion wet'e tal<eTl l'rolll the test data reports, a.s w<'rc th<,

irlil, ial st,ea.tll and a,i,mOsl)here condit, iol_s. Aga.ir_, as irl <>u1"Sllrl,sey ll';'l' a,ila,lyscs, ll_<>sl,

ill<livi<llla,l l)a.ra,111el,crsill <>lit MELCOI_, inl>llt, IHodel were llol, sel_a,ra,l,ely a,_ljtlsl,e<t ill ca.<,il

ot"<>llr MI';I,COI_ ANI,/IET CXl>eriNletll, _l,lla,lysc_ I,<)I_esi: rlla,l,<:il<lai,a, for <,acll ext:_<'l'iIllellt
<:ol_si<lcred. As i1_our S_u'l,sey lET a.Tlalyses, i,lle illitia,! i)r,_ssur<:'s, i.e1111)cra.tlll'es, gas

<,OlllI:>OSii,ioIl, a.11<!li<tlli<I pool lleights wcl"e set; 1;o 11la,l,<:IIirldivi<llla, l eXl>erit_le_ll, it_ii,ial

co_ldil, io_s (su1_n_a,rize<l il_ Table 2.'2.2); how<'vcr, for l,he ANI,/II:;T allalyses il wa,s also

_<,<:essa,ry to a.<l.i_lsl,the tol, a.l dct:)ris _Tla.ss, wl_i<:ll cha,llg<.'<!t'r<>_ olle w_.l_leill 1,|1<'ca.viler"

l,<'sl,s (S20g_l_) I,o a, signaller value (713gi_l) ill l,h<"lal,cr l,est,s.

()t_v M li'_l,(',()l_, a,ssess1_<;r_l,alia.l/sos for l,llese l:_i0-sca.l<, ANI_/II';T eXl)el"il_e_l,s w<'l'<'

<l<>1_eiI_ several st,<,ps, <:<>1_<'e1_t_'a,t,i_lgo_1 l:h<' s<:alil_g <)['l,lle l>he_o_lc_la, l"il'sl,, 1,l_c ANI,

facilil, y ge<>_l_<'l,rya_d test <,olldil,i<_1_swere l_o<ieIlc<! (aI1<1/<>1',s<:alc<l) a,s ,i_lst <lis<:ll.ss<'<I,

wil,h l_o clla,llgc ill l,he <'l_a.ra<'l,crisl_ici_l,cract, io1_i,il_cs i_1)_11,1,o 1,1_<'Ml';l:(',()l_ V1)l 111)M!';

l_<)del, wil, ll l'esull,s givctl irl ,q<,<,l,ior_ 8.2. II<)wever, t,llcl'<, is _<) reaso1_ 1,<><'xp<'<'l,I,<)l_lal,cll

l,]_e ANI,/II';'I' <lal,a <)_lly s<'a.li[_g tilt, facility g<,o111_,l,l'ya ll<l test <:<>_l_lilio_ls ii, s_,e,_s

illi_il, iv<'ly OI)viou,s l,llal, l,ll_' <'t_a,racl,<'risl,i<' illl.eracl, i<>lll,i_lc for airl)_>l'llc _lel>ris ,S('l,llill_;

sl_<>_l<ll>e scaled as 1,11<'Ileiglll of 1,ll<'vol_11_c; ii, is l_ol, illi,_li[,ively _l_v'i<>_,swl_el,t_<,l'l.ll<'

clla1"aci,_'l'isl,i<, itli,<,ra<'l,i<),ll,irll<'s for oxi<lal, ioll o["ail't>oI'l_<'<)i"<l<'l><_sil,<'<l_lcl)ris, o_' ['or lle_t

1.rallsf<'1"froll_ a irt>orlle d<'l>1"ist,o a,l,ll_Osl)llere, sll<,l_l<lt>e ,scal<'<lor llol,. _l'll<'r<'I'_.,l'_',w_',s_'_ll<,<!

l,]l<'va_'i<)l_s<'llara<',l,e_'isl,i,,"il_l_'ra<'i,i<)l_l,iITl<'Salso, ill<livi<l_ally alibi i_ <'oIlll_il_l,i<>l_,ill _l<>l'C

set,s of" <'alcl_latiol_s, witl_ 1"est_lts givcl_ ill Se<'t,ioll S.3. l:illally, 1,11_'_>l,l_,'rllo_.-sl,_:_<la_'<l

Mli;I,(',()l_ i111)_l,Ilse<l ['or l,l_e l:10-sca/e SNI,/ll';'I' eXl_<'ri111<,lll,a_l_ls,'st's (i._., tlyd_'o_;e_

<'orv<,lal,i<)t_s,all<! i'_,cir<:_latio_ t'v<)_l file <l<)1_eI,<>1,1_<,sl_l_<,_)_ll>avl,I_l_,i_l.s) were vaYi_'_l _.I_<I

l.}l<,i_lt)a.cl, <)I_<'a,l<,_la.i,e<l1'_'s_lts <,va]ual,<'tl i_ ,qccli<_ls S.+Il,l_l'<_;l_ S.(i.
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4 Reference Calculation Results

I Ills section presents MIA,C()t:t, assessmetlt a,na.lysis results for tile 1"10 litlea.r ,_cale

SNI_/II!_ 1.experiments pe.rfornled in tl,e Surt,s(.y w,ssel a,t,Smldia,. R.(.,ull,s for mla,lvses of

t,he l:,tO linea,r scale ANI_/II'TF ' e'"cxp:tltnents done aJ, Ai'gotllm a,re l.)resetll,ed it_ Se(:tion 8,

a,s a. sea,ling sensitivity study.

Figure 4.1 shows the masses of A! mid o1' 1+_a,tld C,r l,ltat were oxidized dtlring the

transient, together with the masse.,+of oxygetl a,nd steattl that reacted wil,ll t,lle debris. 'l'lle

de fa,tllt a.ssunlpt, ion in the MI_]I_COI_ FI)I/III)MI!]/I)(',II nlodel is seqtletit, ia,! oxida,tiotl.

Thus, Zr (llot l)resent in this ca,,+e) would l)e oxidized first, followed I)y AI ajt<t i,hetl by

steel; b(,ca,use t,he l"e and Cr in]ecl,ed, are t,r('al.ed a,s col'Jll)On(,t_l,sof itljecl,ed "st'('(''''i wil,lt

a, ttser-specified cotnpositiotl, riley a,re a,sstltlwd to oxidize at tile sa,ttle rat.e. Sit_lila,rly, ttle

MI+]I,C,()I>_I;'I)I/tIPMI"_/I)(',II tnodel as,,+ulne,,+Sl,(,alll oxi,latiotl ill a voltltlle otlly if t,het'e is
.+ I I (101 (,itlsufficienl, oxygen availal)le l,o Stll)l)ort t,lle l)t'esct'il)ed oxi_ial.iot_ rate; oxvge_l is t,I <"" "'

cot_,_u_t_ed first whets'+ e._<:t,+"a,va,ilable. 'l'him t_ierarcl_ical o×i+latiotl _o_lel is t'ellect('d i_l t,l_<'

results wl_ich show aJmosi, all of t,l_(, ,'\1 injeci.ed was calc_lai,e(I t,o b(, oxidized t)ut, ot_ly

abot_t, 45-70% of tlw ittiected lg, at_d (',r wa.s oxidiz('(l. Al_osi all ol' tile (lel)t'i,,+oxida,l, io_

occurs in <Is, wl_ile tl_e del)ri,,+ i:+ I>ei_g i_ject,ed it_t,o 1.lie ,'+,ymt,('t'_,a,ltllo_gl_ l.l_('t'(+'is a

,'+n_alladdit, iot_a,i annotator of oxi+la,tiot_ later, betwe('tl _ls +rod _l.Ss. it_ I+]_(,SNI+/IE'I'-I

a+nd SNL/II"T-II_+ calculation,,+. '1't_(' plots il_ l,lw [ig_t'(, ,'+i_owIlia.l,, il'_l,ll<:,l+]leSNi,/Ii,]'I'-
_r "+ ---1 aJId SNI+/II+I-IR calct_lal, iotls, all the availal)le _)xyge_l was del)leW<l wil+l_il_<0.5,'+,

leavit_g sot_+e debris tttlo×idized ut_t.il t,lw arrival of m_[ticiel_l, I)low<lowu _l,(,atll. (l_ecall

that, tile Ml':l+,(',()l't I"I)I/III)MI':/I)(',II t_o_lel a+,-;stln_es(l<'l+t'isitl_w(liat+'ly i l'al_,'.+l)orl,e(l i,o

it,.'-+fit_al desi, it_a,liotl, while l,he acct_t_t_tlat,or st,ea.t_ blow<lowt_ x',.,a,st_,,:l(,ll(,(l as a tratt,,-;iet_t,

l)roces,'-;.)

Ma,s,'+es involved in l,t_e ca.lcttlat,e_! FI)I/III)MI']/I)(',II t'ea.clio_s are ,,+_tt_ttlarizt+,ditl
r "+ '1,rl'al)le 4. I. ( l I_( t_olar ba.la,tlces are trot, exact l)e(,au,,.;(,of t l_(' li_;it,('¢l _t_t_tl)er of siguili('atll

(ligil,s _ts(,t'l at_d l)<'ca,ttse of t_sing rout_(l _it_tt+l)(,t"for t+_+olectllarw(,igllt,,'-;,l'or c()t_v('tli(,tlce.)
r _ _ _I 1_(,_('t_t_tt_l)er,'+reflect+ tile M l,l,(,()ll, ca]culat,iotl ()Ill.y; l,[l('l'(" iS IIO ('Xl)('l'illl(+llt,k;t,l (l_+tl,+i,

a,va+ilal)l,_,ot_ l_ow tlln<'+]lof tl_(' d(,h,ris collecl,(,d l)O.,-;l,-l.e,,.;l,wa.,,-;oxi<liz(,<l at_d, a+s (li,'-+ct_.,-+,,.+e(l
+'_ +i ,+,in Scct+iot_ 2. l, the eXl)et'irtlev_t,er+,-+a,s,,.;tttne(l in tlwir dat,a atta.lv,'-;i:-;l l_a+t,(h,bris reacted otlly

witl_ st,ea,rt_, li<:)l,wit,l_ free ox.yget_. (l_ecall t,ilat tl_is is tile Ol)lJOSit,e o1" tile MI':I,(+OI_

a.ssut_l)tiot_ float oxidal, iot_ of _t_etal.,+wil,l_ free oxyg_'t_ occt_t','+I)refer(+t_tia]ly 1.o oxidatiot_

witl_ sl,eat_. )

+lbtal a,t_ott_t,,,.;of hydrog(+n genera,ted and l)ttt't_(,d in t,lwse SNI,/II"/I' t,e,'-;t,,'-;a,re giv(,_

i_ Figures 4.2 a t_d ,1.3, respectively. (Note the (tiffere_lt t,it_(' scale,'+ ot_ tiles<+ two fig-

ures.) Altnost all of l,he l_ydrog(m gct_ tat( I during rea('' (.... ( d('hris/sl,(,a_t_ l+i()t_sis getlerat,(,d

itt t,<ls, whet_ i.lw+debris is be+ing it_.ieci,ed it_i,o t.t_e ,_y,_t('_tt;i,l_('re is a +_m.II a,d<lii.io_a.I

aJnotJt_t of hydrogen gener+m_'d l++ter (l)et,weeu ,--+I,'+a,nd ,_1.5,,+) it_ tile SNI+/IF/I'-I a t_d

SNL/II!71'-11_ ca,lculal, iot_,_. No ,,+igtlifica_i. at_o_=tli,s of ad(lil, iotla,I l_ydt'oge_ are getwrai.e(!

a,t la,l,er t,i_nes in the_'_,'+(,rel'eret_ce ca,lct]lai, iot_s. In cot_t,ra.sl,, a.t)o_t 0.3kg (15()gt_t-t_oh's) of

hydroget_ a,re I)t]rned withit] the first second or two, aJ_(l m_ot]l<,r 0.03-0.06kg (15-30g_t_-

mole,,+,_) are bur_ed between _l .Ss a,t_d _3.5s. M !!'_]_(',()1_cai('_llates III)M E/I)(!I! to la,st
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<,'In, t)ase(l ul_otl det'axlli, critx,ria in l,he code I'or airl_orlle del)rin l ettll_era,l llre _ nlasn a,lld

deNsil,y, llowever, _lilc,l,her ,',-,0.0,1k_(20_lil-llloles) _Ire calclllalx'd Ic)l)e l)llrtled l_-ll,_,rill

1,11_'SNI,/II',I-3.... atld SNI,/II:,'['-(i allalvses_ a11datlol, ller _<0.II<_ (r_()gvT1-111oles)_-irec_llcll-
Itll,_'_l I,_ l,e l)llrne_l Itllx,r ill I,Ii_, SNI,/II:,T-4 and SNI,/II",'I'-7 _Hi_d.yses,_s ,,-;ollleh.ydrogell
is _<l:,ecl_,,,l l'rc:lll l li:" sul-)r,'ollil)arllli,_,til,s I.o llll, vessel _l()lli_' vcllere il, is a,ssilIiled i.o l_llrn.

'l'llere is illlls sigllifica, Hl, la,l,e-titnc' llydrogell burn ill our MI,_,I,(',()I{ c_dclil_diolls for i,llo,se
ix,st, sitlllilaiiolls wllere l,lle ves,s(l""a,i,lllOsl)here was lloi, itlerl. (Sect,lolls 7.3 a,il_l 9.2 will

show i.lla,l, l)oi, li i,li(, earl y-i, inle a.lld i,lle la.ix,-i,illle h.ydro_'ll l_llrll is (luiix , s_,llsil,i',,,_,i,o l.lle
recirclilalioll flow l_elw_'en i.lle slil)collil)ari, nlelil, s and l,lle vessel dollle, wllile tlle laie-l, illle

hydro,_ell l>_irll is (lUilX, sensil,ive i,o i,lie i,inle six,I) llsed.)

Tile ovet'+dl ll.ydrogetl l)ellavior ca,lcula.i,e<litl l,hese IV/l' eXl)et'illlelll a,tla.lys<'.sis sulll-
Itlarized ill 'l',:d_le 4.2. Tlle va,liles giw:n itlclllcle l,lle attlolltil, oI' ILydt'o_ell l_re-exisl, illg ill
lilt" vessel, l,h<' a,lll()llll|, produced 1)y III)MI'_ s],c'a, Iil/lllC|,a] rcii, c|,iOllS, l,h(l aIllOIllll, I)llrned
and l,llt, filla,I a,ltiolilll,.

II, is difficlill, I,o (Itlatil, il,a.l.ivc'ly cotlil)are l,lle lllea.sured alld calcul_ile_l hy¢Irogetl pro-

_-dloxvg_'il (lel_lelioll was due I,o rea,(q,ioll ,,vil,ll h.ydrogeli. 'l'lllls, as discllsse_l ill ,%el,loll '2.I,
i,lle experitllelilx'rs assutne_l in l,lleir da.l,a analysis l,hal, debris reacted olily wil,ll slx,a,lll,

tlol wii, ll free ox.ygell, ':,,llicll is l,lle opposil,e o[" the MI']I,,(',OI{ a,ssllllil_l,ioll l lla,l, oxidal, ioll

o[' lli_'l_-i.lswil, li ['ree ox),gell occurs preferenl, ially Io oxidation witll slx'_lill, l"igure ,I. I _-uld
'l'_d_le I.I sllow l,llal, MI",I,(',()I{ tlid predicL siglliiic_ilil, ilil.eracl,ioll o[" ['r_'e oxygell wiill

debris itlt, llose le,sl,,'-; Wll('l'(' oxygcll Wi-lS pl(,, (Ill (i.r• ',s, ., SNI,/ll:,'I'-:I l,liroiigll SNI,/IICI'-?).

'l'_ll_l(,,1.3 slllllill_rizes ilie overall tLytlrogell I_eliavior llle_lsuI'etl _l/l(I c_dclllaie_.! ill l,ll_'st,

II','I' ('xI)('riill('iil, s all(I alial,ys('s. I'])r l,ll(, I(',sl,(ia|ra, l.ti(, l.ol.a/ alilOlilil, ()[" tiy(lrog(,ll _('ll(,ra,le(l

l/y sl,('a,til/ill('lal l'('a('l.i()iis was ol)l.aili(,(l tiv slil)l.ra('l, ilig l,li(' lll('aslir('(1 aili()iliil, o[" l)r('l,('sl,

lly(lrog('li ['r()lii l.ll<' _iilli ()[' l tl(' iil('ar,SUr('(I aliiOlilll, Of llosl Ix'sl, liy(li'()g('ii i)llis l,ll(" (,sl,illial.('(I

ailiOlllil or liy<lrog(,ii I)iirll(,(1; l,ll(, iiydrog(,ii ('oliltiu,sl, ioli giw,il was I)as(>(lOli l.ll(, a_,_iillll)l.i()li
1.]ial, till ()x$,g('li (l('l)l(,l.ioli was (tu(' I.o r('acl, ioil wil, li lly(li'()g('li, as <l<'scril>e_lill _('('tioil '2.1.

'I'll(" M I']I,(',()Ii valil(,s giv('li iilclil(le b()l.li l,ll(" a,cl.lial aillOlliils of liy(Ir(#4('il I)ro(lii('('(I i)3'

!II_;11'] sl.(,aili/ill(,l, al r(,ax'l.ioiis ail(l liiirii(,d, aii(I l,li(, alii()Ulil,_ ()1']iy(lr(ig('li 1)to(Ill('(,(! ail(l
lilirii('(I l,liaL wolil(I I)(, cal<'lllal,e(I usilig l,ll(, iiiilia, I ali(l [iilal ox),g(,ll alid liy(li'()g('il lllOl(,s

['rolli 1.11('_'_1!']I,( ',()!1 a,lla]y.s(',_ iisiiig l.li(, salil(, ['()riil_ila(' as ill lti(' ('Xl)('i'iili(,lil _lai_ a,iialv,sis.

(1[()w(,v(,r, 11oi.('l lial tli(, (,Xl)(,riill('lll.a.I r('siill s (,()ill(:' fr()lil allalyzilig gas _i'a]) 1)(>1.1.1('sailll)l(,s
lak('li ['rolil l+li(,Pllil'l.s(,y v(,ss(,I a.l,il()iiiili, willie l.li() _'II']!,( '()l/ i'<'siill,s ar(, l.al<(,ii t'rolli ()lil.1)ul,
ai, 2(is. )

l lit two s(,l,s of Mt,,I,(;O I. wl.ill(;,s(lif['_,r ILy t,wic(' l,ti_, illliiill(,r of illol(,,s o[" ()_ ('Oil,Sllill('(l

I),ydireci, illel, allox,Tg(,il rea('l,ion,s. 'l'iiere is lii:i, le difrei'eilce ['oiilid iii i,lle lly<lrot4(,il l)ro_lllc -
l,ioll (,vallla.l,(,d usiiig l,h(' eXl)erililOlll, a.I l)ro('edllre a.lld ax'lllally ('alculal(,(! tLv MEI,(',()I/

i_ i,he i.esl.s wil, l_ lil, i,le or _o ['tee oxyge_ i>rese_i (7.<., ,qNI,/IE'I'-I _<1 SNI,/IICI'-II/ll);
liowe.vcr,' iiolx, l,ha.l,, rot i,lic,se l,wo i,esl,s a,iid ['or SNi,/IE'i'-,5, aSSiilllillg all ()xyg('ll (i(;-
l)lel.ion was due I.o COllll)llSl,ion rea.cl,iOll wil.ll ]lytlrogeli (Io(,s reslill, ill _1, ,Slllall Illa,.SSO["
h.ydrogen (:a,lcula,l, ed i,o be hurlled, qtiilx' sililila, r 1,o l,lie eXlieriiil(,iil, a.I re.sllll,s .givell. 'l'lle

a,el,ua] lrrlolc,,s' of ]ly(lrogeli prodll(:ed a.lld I)llrlled ill l,llese M I']I,(I()ll aliitl.ys('s aiJl)ea.r geller-
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Table 4.1 Cah:ulated HPMI,/I)CH Mass Results Sunltnary for the SNI,/II, l

Experitnents Reference (',al('ulation

MEI_(',()R (gin-moles)
Oxidized Reacted l'roduced

AI l_/(?,r Oxygen Steam 112

IET-1 20.9 227.7 2.2 '28.1.2 286.2

1ET-1R 21.6 231.3 15.0 263.8 265.7
IET-3 22.1 301.1 69.2 23(I.2 231 .S

IET-4 22.1 311.3 69.2 241.1 2+12.8
IET-5 22.1 275.(} 51.3 238.7 240.3

II!Yl'-6 22.1 3(}4._, 69.(} 234.,1 236.(}
IET-7 22.1 302.6 71.3 227.6 229.2

Table 4.2. (',al<,ttlai+e<i lly<lr<>g<,n l¢<'slllls Stilllnlal'y ['or tlw SNI,/IE'I' l';xl)et'itlwllts
l'_efcrc'tlce ('a Ic_,latiotl

MI+'.,I,('ORllydrogen llalance

Ex peri rlw,nt (gill-nloles )
Pre-existing l)ro(luced llut'iled i+;u<l-of-calctllati<m

II+;T- 1 0 2S6 (} 2S6
lET-1 R 0 266 0 266

I!;;T- 3 0 232 IS8 ,1,l
I I';T-,I 0 243 209 3,t

I I+'.,'I'-5 20-I 2,1(} 0 ,14,1
IE']'-6 Ig3 236 21_ 2{11

I ET- 7 2_S 229 223 29,1
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ally ies,_ illavl vll_'a,_llred vallle._, e._l_,('ially ivl l h_' eXl_erinl_'rll,_ willl llydro_en _'ovnl)n,_l,iovl,

wllil_' llle hy(lro_evl pro_lli¢'lioZl avl_l ('otul)tl,_tioll ('aicl_lal,ed II,_in_ 1,11_'_'xperivvlevlt,al pro-
('(,_lvlr(,orl the MI,I,('()ll r('_lll_ are _erlerally g,r('aJ.erl.hav_vvl(,a,s_re(I. Al._o, l h(, a,(:t,_lal

avl_ol_i (_t't_y(lroc(,v_ ('a.l(,_lat,('(! l()!)(, l_r_(lu('(,(! l)y MEI,('()ll in lower in tl_(' i.c,sl,s wil, h
• ,, _ T ,lit "_():.¢v_('_iv_iliailv i)r('_('_l (SNi,/II';'I'-;i tl_ro_gt_ SNI,/II, 1-7) 1,1_a_in tl_e exl)eri_(,wl,s witl_

_(_si_ili_'at_l ()xy_¢'_ iv_il ially t_r('s('_t (SNI,/IE'I'-1 aJ_(ISNI,/Ii']'I _-l ll), while (l(,riving t,h('

a_()u_t._ _)t'hfi'(lro¢(,_ pr()(l_w(,(i and i)_r_,¢l a._suming ov_ly si,eavv_/v_etal rea(,t..i()v_syields
gr('al,¢,r I_y(lro_;(,v_i_rodu('liov_ iv_SNI,/II']T-3 thro_p41_ SNI,/IE'I'-7 ll_an in SNI,/II:71'-I an_l

SNl+/lli]'l'-I II, r¢'l)rotl_t'iv_g 1,t_¢"Irevl(t seev_iw i i_<'lat_lal.ecl exp¢,ri_ne_tal data.

()v<'rall, lh<" "('orr<,('t" aJ_sw(,t'sar<, likely t() lie so,new,he,r(, I)('lw(,('t_ tl_(, tw(_ lit_it, ing
ass_v_t)t iotls. It i_ _t_lil<<'l.vll_at t,h(,r<,is v_o()xi(laiiotl _1"tv_(,talwil_l_ free oxygev_ at. all (a,_

asst_ne(l i_ t h(, (,xi)(,rivvt(,tltal at_alvsi,_ l_r(_t()('()l ). llow,,v_,r, MI']I+('()ll +,,'(_1<11)<+(,Xl_<+(-i.e(!

),})e_:al_seof lhe t_i¢'rar¢'l_i,'al assuV_l)liovl._ ill 11]_,_IEI,('()il I:I)I/ilPMI';/! ( !i n_o,l¢,l a_d

t)(,¢';u_se,in il_(' ¢'Xl)_,riv_(,nl, I1_(,del)ri_ lrallsl)orl, l)r(_bal)ly ia_._ ll_(, sl¢'a_/lly_lrc)g;(,_n v_ix-
t_v'¢' flow. ,_oileal t_¢)tvtm¢,h()t"ttl¢' d_'l_ris _;_'I_ I() s¢,_.v_'t_ _x.v_(._, wl_ih, iv_tll_' MI']I,('•()I{

_v_od_.!ll_(, ,l(,t_ri,_ i_ irv_rv_,_lial_.ly tra_._l_ort_._l to its v_ltin_ate _lislril_v_tiovv (a._ _li_'_._,_l
' (iv_v_lor¢'del,ail iv_S¢,'ti(m_ 3.1 a_l_!5.2)wiil_iv_ Is wl_il_, It1_,sieal_l hlow_lowvl i,_ lv_¢_¢l¢'ll¢'_l

i_('_Is a._,_l_iv_ l liar all ox,,,_,v_ ¢l¢'l_l_,ti_i_wa._ _!_, to r¢.acti,_[_witl_ tLwlro_c_'vlI_a_lair

fillIt' ('OllSlalll ['or ail'l)()l'll(' del)ris _xi_latiov_ (().(12,")sill i l_e I'("1'_'I'("II('(" allalv.'..;es)was driven

hy l,L,_'iv_g Io exl)licitly v_al('ll 11_, rel)OV'te_ll_v,lv'_'_ l)ro_l_'ii,_m av_¢lc_,,v_l_stiov_ data;

s_"_sitivity sl _I_I_'v'es_lls sllow very fill I_'_lil['_,v'_,vl_'_'ivl ¢'al_'_lale_l l_r_,ss_r_,s_)rl_'llll)erat _ll'es
for ().()Is _( T,,.,,( ().Is, l:,e_'a_Is_,IIi_' oxi(lali(,,vl raft' is ess_'_itially liv_lil_'_l l_y availal_ililv oI'

,_l,eav_i/_vlc'lalreac'liovls (as ill file le,'.-;l¢lala a_alysi._) is ir_ I)¢'II¢'r a_'ree_ilevll _,',.'itI_ It'll _lala

for ('al_'_lali(ms _sivl,_ lovl_'r cl_ara_'l_,l'islic" airl,_;,r_e-(lel_ri._ (_xidali(_I_ liv_i_,s ('%.)_ ().Is),

l"i,g_r_,s ,1.4 arl(l ,I.5 (lel._i('l t l_, l_.v,:Iro_'_na_d oxy_,_ _loh, fractio_,_, n,Sl_,_.t,iv_,l.v, ill

tile s_l_('ovl_l)arl vnel_!s at_(l _t()v_'. 1't_(' l('sl _lal a ('(_vl|_"s fv'ovvl _as _l'at_ I)oi tie saV_l)lc'sl.al_ev_
iv_ file ,_Irl,'-;e\' v¢,ss('l at '2 all(l 3()l_iivl, al_¢la claral)¢_iv_ll't'o_v_a _ral) l:_¢:,ttl¢,savt_l)l(, lakc,n

al 2-7s itl l,he s_l)('_._V_il)arlv_e_iisis iv_(l_¢h,_l. Not.c, ll_at tll¢' clara is i_('l_(l¢,(l l_rirv_arily t,o

thell g/'_erally ,_llow a _ra¢l_lal al_l_roa('l_ I_ 111¢'livlal, l)OSl-lesl. _lata.

s_lr('(l at tt_r,:,_,I_'v(,Is i_ t,tl(' S,_rt_(,._,'v(._,_(,lwit l_ liar(.(. (lill'(.r_'_t l)V'(,n,_vlr(,t,ravls(lu(:('rs were

:i,I
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Vit'l,ll+_ilyi<l<'llli(ml:thel)re,_,'-;lln,,_calclllale<litlI:11_,sul_cow111m,rttnenls<'o_itvol_,'_)illl11<,an(l

ill<,lll)l_'r-_lotll<'Cotltrol,,'oliltt1<',:,'ere,_dsovirtllallyi_h;tll,ical.)'l'll_'pr<,s_,in'_iKll_-llllre()I)-

SNI,//II",'I'-y_, t l_, ',,'<'nnrlv,,'_s"c]_sni<'+tlly i_l_'rle(l"' ,,','itI_ _'+_t'l_<)t_(lioxi<le and ag+_i_w,ry little
,i'_ 11.'_ ,_.. {,_

w+_,_all_',,,'<'<lIo I)_'_v,'il,h ox.v_,t_in i+l_<"v<,_(,l+_i,_O_l)h<,r<,, l)r(,,_,_r_,it_('i'_'+_,_e._ro_,l'r(._t_

la<'k of nt_t,sl+_nti_-_llyili Ktler l><mkl>t'<'sn_r_,sin l,<,sts v¢il, h t)r(':('Xislit_gr, l_>'dro_<,nit l,_lic+_i+es
I t_;_t c_,ltll_lsii_)n of 1)r<'-<'xislillg, tLv<lro#,<'_<li(I not ocr_t" on I,t_<' salll_, fillip" noah' a,n l+ll_,

!!1'_!!+;.

'l'+_l_h,I..l _'ott_l)al'_'s I1_<' _'+_sllt'<'d _I_i ('_l<'_l__i,('dl)e+_i,:l)t('snt_r_'s for lt_" l(','.:,i,'.,;+_l_-_-

t,l" lll_' l)r<,:-+s_i'<,l'<,Sl)(>_s_,it_tt) ix'+'(> IXlilj()r l'+_tili_'s. <++_n<'<ll)y Ill<' <'ll+('ct(>l"l_y<Itx,_<'t_<'ott_-

l)_,'-+ti_v_.;_++_'<'n+i_ill<' t<,+l <l+_t++_.(l'_<.<'+xlllll+_t I I_' .".II+;I,('()I< +Vll+_lttxod<'l ,,x'+_++x<l.jll+l_'+l

t_> +_l_l)r_,xiltlntt, t i_<,td).'..+<'t'v<,<ll_y<lt't+,g<'_l+'_)t_ll>_+'.+ti_+t_l_,ll;_vi(+r i_l t l_c+,.+_,l)('ll _'Xl)_'t'ivvlev_i.'.+.

+_+ ,li+_<'_i._+'.+<'<lit, _'<'t+t_llS i+.] all+] ?.l.) (+ll+-Itliii_+Itiv<'l+ ., Ill<' Xll",l,('()l+t _'<'s_llts it+ l:iKt_r<, l.(i

+_tl<lit_ *I'+_I,I_'I. I +_l._t,,'(,rt'_,<tlv r+,l)t'o<l_<'+,a l)_ml,:l,r<'+._'<' rim<,,,l'--.,llH)kl_ +l,_<'t,, lll+Xll .',

111,'ni_'altll_It),,','<l(,,wt_.

._l+'+_+_r_'_lnt_l_'alc_l+_l<.(ll_,tlll)<,ritl_II'<'_illtl_<.S_ll_,<'t._li_l>+_l'ill_'t|l.sitr<'('olt_l>ar<'<li_l"iu,-

i<'htsill',','l_i<'l_l_V<It'_,_'_l_'_t_l_l_sti_t,_c<'l_t'_'<'<l,r<,sl_<,_'tiv_,l,,'.'l'll_'t'ttl_,cU_l_l_'r<':+llllsi_r<'

,<,ll(,x",'ill't+,l"i_ll'+.'<]iili_+_vi+_il+_l_l<',il_<'l_<li__,t_<'_,rt_l,_r<'(,I"Ill<'l'_,llt,v,.'itl_"ill<'i_'Itll)_'l'i+Itlll'<'

i_,_i_l_'tl_<, slll_('t)tlll)ill'illl_'lli St I'11('l lll'('+, ii'IVll_('l'ill lll'('S it_si<l_,Ill<' ._<'i_l l'()t)lll, Ill<' i+'ltil)<'l'i_-

i<l+'tlti<'_+tlt('t_l)<'I'at _r<' +'.,.+t iltl<' c_ll",.'<'s.",',,:l_<'tlttl_lll il>l_'l_l<'i_stltX'lll<'lliS i_l'_'+_',.'+_ilitl_l<'.t I_<',,"

lilly .i_<l_<'<lIt, 1)(' ill t'<'i_ntJllnl_,ly,(_tJ<l _+I_1'1'<'III('I11 '+viiIt Ill<' t<'sl <Inla. Not<' t ll++_t,+_Itll,,_l_

lilll<' _r _1_)l_>'+It't>,K<'_l<'(,_t_l_Is_i,_,_t+(<'_irr<'<litl .SNI,/II'71'-I. SNI,/II",'I' II{ +_<I BNI,/II:,'I' -_

v,'l_il<',_i_t_ili<'+_lltl_>'<It'_,+_<'l___+t_ll_+_lit>tl_<'<'t+_'I'<'_lit_ BNI,III'_'I' :+. SNI,/II+71' I, ,<"+Nl,/ll+71'-<i

+_i_<ISNI,/I I'_'I T, ill<, l_<,itl,:_+_: tt'I_tl)_'t'+_i t_r<,,_ ilt t ll_' n_tl>ct>tlll_ilt't _l_,_it ,'..+1t'l_ct llr<,,+-+l_<'a+'.+_It'<'<l

it_ ++illtl_('s<' l_'sl:..+ XY<'I'<'i_Itll(>st i<h'_li<'+_l"tl_i._ ill_lical<'n tl_i_t I I_<'l)t'iltlnl'): l_<'cl_nt_inIl_ l't_r

l_('ntitl_ 11_' ntll)<'(._tl_l_itl'ttill'Ill iti lllt+.'s+l_Jl<'l'_'V,,'ilSl>t'tdml,lv <l<'l+t'i+/_+_:-+l_<'i_tt+_n_+l'<'ri_<l t_._l

:_T



Table 4.3. llydrogen Results for i,he SNL/IET l',×twnlnents l_<f_r_,nc_ (',alculation

Experi merit Hydrogen (gin-moh;s)
P rod uted IIurned

l)atat MI"L(]OII¶ MI",I,(',O11,$ l)ata'f MEI_COII,¶ MEI,('OII_

1ET- 1 233 2_6 266 3 0 ,I
I!!','F-111 2,1_ 266 267 11 0 2X

IET-3 227 232 352 190 188 313
''2It!'T-4 303 243 361 240 209 33

l I,_'_"I-,5 319 2+]I0 3 13 53 0 91
IET-6 319 236 354 3,15 21 _ 307

lET-7 27,1 229 351 323 223 350

_from gas grab bottle samples at 30rain
¶actual end-of-calculation values at 20s

J_calculated from initiaJ a,nd final oxygen and hydrogen tnoh,s

assuming only steam/metal reactions

Table 4.4. lYak Pressllres for the SNI,/ 1,1 l',xperiment, s lh'fi'retlce (ale llallOn

Experim¢,nt A PMAX (kl'a)
Total Blowdown IIPME I1_ llurn

l)ata MEI,(',OI_ only only only

,,[,11+,- 1 .gx g4 18 66 0
IET- 11_ 103 102 21 81 0
11', -3 246 276 18 102 156

lET-4 262 2_5 24 96 155

I is • -,_ 103 93 17 76 0
lET-6 279 266 16 105 145
IET-7 271 264 28 g9 147

IET-SA 87
IET-8B 243
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t_v_lro_eIi _'o,',ll)llsliol_. '1o repro_lllce tllis I_,llavior; ill i,tle MI:;I,('()I_ input we specifi<,d

hx<lr(>g_'Ii _'owtd_llsliotl Io I_, ,_lll_l>ress_,_!ill all colllrol w_lunles ¢,xcept l he vessel dolne.

l"i_;_lr_'._.1.9 allot .i. 10 l_res_'tll observe_l arl<l IJredicled i,el_lp_'ral_ures in the upl_er dotlle,

al)m'_, l ll_, otwralitl_4 _teck. for two l_,sls willl little or no llyctrogeli I)unl and for four Jests

ill wlli<'ll liy_lrogen colllt)_lslioll occlirr<'d, resl><,ctiv<,ly. (No test <lata, was a vailal_le for

i_,sl SNI,/il'2'I-ll/.)'l'tl_'rniocOlll_le r_,slllls are given for ltlree lewqs in i lie dora<,, witll

l,lle I_'vels i_h'lililie<l iil l"igllr<' 2.1.1)" ll_<,aslired telnl_eratures typica,lly decreased wil,ll
increasii_e; _'l_waiioll. \,\'tleil ava.ilal_le, a¢ldii.ional tliernlocolll)le results also are included

for arrays itl l.he _lolti_'. whicll lllea.sure¢t lellll>m'atln'es ['tom al>olll, level 3 t,o halfway

• . ' C(l:_<,lwe_,lil_,v¢,l 5 aild (:i: t lios_, arrays are sllowil in l;iglire 2 1.4). 'l'lie M I:,L _, )1l vessel

¢lotlle ailllosl_h¢'r_, l_.ltlp_.rature resulls are g;etlerally iti good agreemelil, wit, h i,he i.esi,
dala. giVeli iti_' localize<! resl)OliSe o[ iiie l.lieriilo(:,oliph?s. Ttie sigiiificanl:,ly lligller w,ssel

ieilllJerallir<'s :_l_serve_l ill llie Ix,sl,s wilti sill)slalll, ia.] hvdrogeli coilll)l.isl, ioli (SNL/II0'I
S_I,ilI';'I' ,1.SXl,/ll';'l'-fi aii(l SNI,/II';'I'-7. ili l"iglire 4.10) l,hali in the h,sis with lil, lle or
_,<,t,v<ir<,_,._,c<,_,_i,,_s_io_(SN[./II,.1-1 _l./ll';'l'-lli a,_dS, l,/Ii!;'I'-5 in Fig,,,',,4.n) at,;
ais() [()tllill ill ill(' X] l,;l,('()l/ ca lculai.iOllS. 'l'llis r(?sull is eXl)(,(:i,e(I,])(?(:;1.1IS(, (h(, vessel (1o111(,

_,iV('l'it_(' 1i'lll])('l'_tl Iil't' rt'sl>r,)llSt' is (']r,js('] \;. cOlil)led 1o 1,lie vessel, pi'es.'s tll(" I)(qiavior,, all (1 I_]IIIS

ltie i'e;iSOlial>iy _!,/JlJl! agl't't'lli<'ill t_el.we_'i_ liieasiir_,lilt,lil, alld calclllal, ioli for v('ss_?l [)rl;;SSllrt,s
i

ill ]"igllr(,il-lias< ' is r_'fl<'cl<'d ill siillilar golill agl'(,{,lll('ll| ill obserw'(l alld l_i'_,<lici,eda\;('l'ag(,

Vi"S._('] l('lll])('l'al Ill'('S.

;\<) <'(>iiltlaris(JliS al'(' _i\('li for l lie local <'avily i)r(,ssur(,. ]/('('all.<-;(, i.li(' MI';I,('()II !)('II

illo<l<,l _l(_('._ ii()i lll()_i<'] IraliSliorl (J[' (lelJris iiil.o and llirougti ilie cavity, 1)ut ilisl.(,a(:[ ilil-

ill('(lial ('] \' lliac('s l li(' <lel>ris al iis lili.illlal(' (lesliiialioii, i lie l)r<'dicied caviiy aii(l (']illl.('

l)i'('SSlli('s al'(' I_asically its(' Salli(' ;Is ill(' Silii('()llil)arlili(,ill.s ali(l ill)])(,r v(,ss('l i)r('SSllrOS.

'lli_,r(, is li,,, al_al:>ilily io liio<h'l lraliSi<'lll <lel)ri,_-('oola.lii. ilil.eractiolis ill tii(, cavity.
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Figure 4.7. Su:)co_t_l)artltwt_t 1 :n_l)(,val,ttr_'s for I:,xl)erntnen_s SNI,/IEI-1 (Ul)l)cr
, 'N Er[ '-l¢_ft)s_ L/I 1R (low(_,.l(,ft) a,,d SNI,/IE'I'-5 (n_id_ll(, right)

l_cf('re)lce (_alculaLion



iAELCORAssessment:SNL IET Tests -- 1 6 MELCORAssessment:SNL IEt TestsI ! ! | i l ! I i

1 4 _ 1 4 : ....o... _-4 _o (Sub,•rap)LJ

.... o... It-4 0olo (s_ Room)I_

,_ "... .........,-,,_o(,,,,,.,,,)o ,- ...-*-... IL'r-4 I_rto(10Vent) t

1 2 . "_..._ 1 2 J.

1 0 "'"1 ........ " 1 0 . -.II...oil e e e°ae°oe oq_e oooeoe to e_o eeoeooolp_e

E 0 8 "q'"". "" • 0 8 ....... ....

i .... "91,... "...... II...., .......... .0. .... ,,..,,,.. . V ........,.0 6 "*'....... ,e "''o.-_- ..

- =*'"".

04 0 4_
02 02

0 2 4 6 8 0 _ 0 2 4 6 8 0[_ time(s) time(s)
SNL Surtsey lET Tests -- SUN reference results SNL Surtsey lET Tests -- SUN reference results
FKDJrHTNN 6/11/93 09:48:26 IdELCORSUN FKD_UJNN 6/11/93 09:53:54 14[LCORSUN

IdELCORAssessment:SNL lET Tests I 6 _ELCORAssessment:SNL ET Tests _ ILl-7 (ELC_)
1 6 , , , , , , , , , dip,-** (T-7 I_t° (s_ Room)

•..,... or-7_o (_ v_)

1 4 dk ..di........ ._. 1 4 ..._-... _-70ato (m v_)• ...M.... Lrt-70_ta Oc Wnt)

•": _ _ .-.,.... et-7_0 (10v_)

"°.. _ I 1,_- ,-..... _-?..t°c_=) I

,o , ....... ...... ,
• ;;_Nk • """ i..._'_ ............ ._...

i-_r_'._:" ......,, "_ .....o 8 ........*'::::::£'.. ". "_ o _'_ "_,_.......2._;'m:......... "....... a
•-. I ! _ ..'_L.II__ _,... "'...:'_', ....... ;i

. L_--'_._. LE. _f.:' _"-,_. "..':" "_"..............,_.......

_o o 6 6 i_-_ f! _ ....... ,.._;;;.,g;g;-::_.._',_t_|
I_ ii .......... --....-"'"_'_"-""' .......... m _t: ....... .."........ -..-;J

u_ 0 4_ 4_
0 2 4 6 8 10 0 2 4 6 8 10

Time (s) "rime(s)
SNL Surtsey IET Tests -- SUN reference results SNL Surtsey IET Tests -- SUN reference results
FKDKAkIPNH6/11/93 10:.05:29 MELCORSUN FKDKAYUNN6/11/93 10:10:46 _4[LCORSUN

Figure 4.8. ,%'l_l)(,oltll)_lrl_)(,iit,'r(;,_}l)(,_._,ltllr(,_rot l':xl,)(,ri,_('=ll,'-;SNI,/li,:'I'-:_ (_i)i)('x
I(,ri), .(..;_I,/II,FI'-,I (_l|)i)('r ri,gl_t), S_I,/II':'I'-(; (low('r I(,rt,)_I_d ,(-;_I.,/II,:'I'-T

(]ov,,(,r rigl_t) l_(r(r(_l(( (!_-_icl=l_-_t,io_l



i4ELCORAssessment:SNL IET Tests

800

750

700

650
r..

600 i %
0 o" ._:

: • .?,
l_ Ill

Q T,_1-."J,.
"*""'"C:".........=..,oo ! ..+350

30 0 ............. • .............. Q ............. 4 ............. • .....

250

200

0 2 4 6 8 0Time (s)
SNL Surtsey lET Tests -- SUN reference results
FKDJOIFNN 6/11/93 09:,37:23 MELCORSUN

MELCORAssessment:SNL lET Tests] _ lET-5 (ti:LC_)
80 0 ' = , , , , ! .... o..o IET-5D_Ao(Livel 1)

.... o-*o lET-5Dota (Level3)
7 5 0 .... o--- IPT-5Dido (Ltvel5)
7 O0 ...,4.... IET-5Dote (WestTC73)

•..,_w... IEI'-5 Dole (W_t TC74)
6 5 0 .... +... EI'-50oto (WedTC75)

60 0 ..o,._,-o.ILr'l'-5Dora(Writ TC77)
"_ -*..,I--.- IET-5Dora(E0mtTC68)
._ 550 : ...o,....iE'r-5_o ([=+TCSS)

=_ .-- ,.ms _o (_=+tcTo)°° ileo °0

ooo ..... +,+..+.c,..,450 m "*** 1._¢, , ,e..............-]:_ ;:_.,. ,u_:_ ...., ...._._......=....,,.....
,_ "iL'mirJ _ ;- _T -_----'l" __°*..Jmm-,._u,t-

4oo 4¥._,"_."..r'_i_""_,.Vs.-+,'e'....... -+""_- --"+";--1

Ji "._ ";'+-_..._.......x_4,.............. _'+:.............. "*::350 ='_k_ "' ...-.....,r."-.......... .............., ....
J .... ...-.41+.1'

30 0 lli_.,,lr*,e-_'=zs..;_l,.................... 4.............. .4t.............

250

200 , I ,, , n . l , , , , , .

0 2 4 6 8 10Time(s)
$NL Surtsey IET Tests -- SUN reference results
FKDJrHUNN 6/11/93 09:59:44 I_ELCOR SUN

Figure 4.9. l)()tt_(, rl'etlil)eVa,t un,s for l!:×l)erit_(,_tt_ SNI+/II!:I'-I (l,Ol)) it]l(] SNI,/II_:I'-. _)
(I)oLt,o_++) t{.et'+,t'(,_)<'(,(:'a]<'u]++.l+iot_



r "_ i,_ .

Figure 4.10. Dome lemperaiures for ],xper_ments SNL/II!3T-3 (Ul)l)(W l(,t't),
,i _';r _ -_r _ ,

SNL/lt,I-4 (upper right;), SNL/Ih 1-6 1 + left,)a.tt( ow(:t" +ISNI,/II,71'-7
(lower right,) Reference Ca,lculatiot_

.14



5 Experiment Uncertainty Studies

'l'll('r(' axe exl)(u'iiTl(,llta,! uu('('riaiIItie._ il_ 1)otll th(, (:xa('t v_lu(,s to he used for some

MI']I,('OI( iUl)Ut values all(! in the nlocl('llillg al)l)roa('ll iak(ul to r(,l)resent ()tiler test

(:on(titiotls. As (l(,s('rit)ed iu tllis se(:tio,, a set of srnsitivity stu(lies llas t)e,(ul (Ion(, va,ryinp_;

tllose t)aratllet(u's to (l('i+('rttlit_(' llow th(' t+('stllts (,oul(t t)(' a,|I'e('t,e(! I)y such ('xi)(,t'itn(,tll,
Illlr(,rl ai vll.i('s.

5.1 Steam Blowdown

As (l(',_(:l'il)e(I ill S('('t ioll 3.1, a va,lve witll a tillle-(l('p(,w(l('llt area, w_s us(',(I ill i,h(' flow

l)atll frolu tll(, st('alll /-I('('lllllll]fli,or |;O ill(' cavity to (:ontrol th(, rat(" of steam inj('riion,

willl til(' op('ltiug rat(, a(ijus((,(l to lllat('h tll(' ol)serve(! stealll a(r('llnllzlat()r (lel)rensllriza,tion

ral('._ r(,_l,_()wal)iy well. Althougi_ (liff('r('_t final l_ole (lialn(,t('rs wet(, i(l('_tifi('(l in th(' i,esl,

r(,l)()ri,_ for I]_e ol)(,ni_g fr()v_ tl_(, _(,lt generator to tile ('avitv., (a,_ give_l iI_ ']'_l)le '2. 1.2),

I1_(' i,l)_t was k('l)l I1_(' ua_(" for th(' valve a,_(l asso('iate(I ti_e-(lel)(u_(le_t area us(,(t in

11_(, tl()w l_a,tll fro_ lh(' sl,(,a_ a(,('_l_nlator to tl_e ('avity to (:o_Irol l,h(, rai(' of ,'-;1,('a_

iu.j('(:l,io_. I_ tl_(, (:Xl_(,ri_(,_Is the l l_('n_it(' rea,(:tio_ 1)ro(lu('ts and the steam were in j('(:te(l

11_rol_gh th(' ,_an_(' Ol)el_iv_g, witll so_e i_(li(,atiov_ i_ ti_(; (lala of o('('asioual l)l_g,gi_g, and

flow i_1(,rv'_ll_tio_l. I_1t1_(' M l!ii,('.Ol{ _o(lel Its(, (lel)ri,_ is i_s(,rt(,(I ,_ei)ara,tely, (lir('c,tly to its

_lti_nal,(" (l('stitlalio_; lh_,_ Ml']l,('()l( (lo(,s v_ot vno(l(,I any (i('l)ri,_ t)lo('kage or oi_,_tr_(,ti()vl

, l)(),_sit)ly all'('('ting the sl('a.v_ ini('('iio_ ral['.

_rizati()1_ rates in 1,t_(,vario_ls t(,st_ r(,asonahly well. (',ai('_lations w(,r(, (lone u_i_g valve

Ol)('_ling tiltl('._ of ().Ss, ls, 2s av_(l .Is, wil]_ tt_(' t,in_e-(l(_l)(,_l(l(,_i area iv_('reasing linearly i_

all ('as('s. l"ig_ar(, 5.1.1 sl_()ws pre(lirt('(t [)r('H,'-;llr(:'sill l,l_('si,(,a1_ (leliv('ry v()lu_(' (t_ri_g i!1('
l,low(lowu t)r()('ess for all i('sl,s analyze(l, _si_g tl_e (liff('r_',l valve oi)(,_ling ti_(,s, iogei, l_er

wil 1_(_Xl)('rit_('t_l,al data tk)r ('On_l)ariso_. 'l_l_(' (:al(,ulat('(t t)low(tow_ is ol)vio_sl.v too rapist

witi_ tl_e w_lv(' ()l)('_illg over ().Ss, a_(i loo slow witt_ tile valve Ol)('_i_lg over ,Is. _['t_("

stea_ a(,('_l_l_llator (l(,l)r(,ss_lrizalion l)r(,(li('t(.(l with a valve ()l)(Ulin,g 1,i_11('of 2s at)l)(,ars in

sliglltly I_(,l,ter agr('(,_.(,nt wit}_ t('_d,(lala i,}la_ lh(; res_ll, s _si_lg a valve ()l)e_i_lg ti_(, ()t'

Is, a_l(1 l h(' 2s ot)('_li__ lit_(' wa,s used i_l l,h,' r('sl of ()_r Surtn('y ll')'l' as.'-;('ns_('t_t a_alyn(,s.

_l'l_(' (,orr(',_l)O_(li_ pr('(li(,te(l vessel l)r(,,_sur(,s a,v'(,l)t'(,,_(,_t(,(!i_ i"i_4_lr_'5.1.2, wilt_ l,(,st

(lala i_l('l_(le(I for ref(,r(,_(:(,. '1't_('effe('l of varyi_g lh(, sl(,a_ t)low(towll ti_uing i,'.,r(,[l('('l(,(l
in a s_al] (']lang(' in Ill(, peak vessel l)r(,ss_re, willl sligl_tly ]_igll('r l)r('ss_r('s i)re(li('l('(l f(,r

l l_(' _()r(' ral)i_l st(,a_ t,low(low_l, irl Ill(' tests witll tL'y'(lr()g(',_I)_r;_ o('('_lrriug; lil,tl(' (_r _,(_
('ff('('i is visil)l(, for I.I_('(:as('s wil.l__() tLy(lrog,('_ l)_nl.

'I'I_('I_(:I<(,I';_._._/'visible(,fr(,rt()Iv_r..vi_gtl_(,._t(,_.1_l)l()w(h,w_l.i_i_gl'()rtl_(,('a._(,._

witll _o lly(lrog(,_ l)ur_ is (!1_('to (!1(' s_a, ll (:()ntrit)_ti()n n_a(l(, I,y tt_(, st(,a,_ I)l()w(i(,wll t(,

ll_(' overall v(',_,_rlresl)()u,_(,, as ,_tlowv_in ,_('('tio_l 4. 'i'll(' sligtlt rise il_ v(',_s(,i pr(,,_';_v'(',_('('l_
will1 I]1(, v_or(, rapid sl(_,a_ I)low(Iow_ iv_ I,!_(:(:as(',_ witl_ hy(lr(_g('_ I_r_ is (l_,' Io _lor('

st('awll 1)(,ivxga vailal)l(' early i_ ti_e Ill)ME reac'tiov_ ,_o tidal vv_()r('lly(Irog(,v_ is g('v_('ra,t('(!
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Figure 5.1.1. Stt,atll AcclZlIRlllatovl)vess_=l'est'OV.";NI,/IE'I' l':xl)evi_',_ts (_si_lg Valve
()l)czzilzg 'l'i_zz('sof ().Ss (_Zl_l)(,z"left ), Is (tzPt),'v riglzt ). :2s ([owcv lei't )
aT_(lIs (Ioxvcr vigl_t) Stca_t_l'}lowdow_lSpll:-;iiivilv St_t(ly
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itl .'.+txm.tll-d<'bri,+.+it+i+('t'a('ti(_t1.'.+;Ill<' m111).'.+('(lll('llll_ttt'tlitlg (d' Ill<' g1"('at('t'aW1+()tltliOf hydrog<'tl

g(,tl+'t'a.l('d th(,tl l)t'od11('('s th<, illcr<'+_m<+itl V<'SL_<'IIJt'('nSllt'('. "l'+_bl('._5. I.I al_<l5. 1.2 illlt,'-+tr+_i<'

thin l)y ('()1111mriilgth<, +liii()illlt.s <)1"llv<Iro_('tl _(,tl('t'+tl.(,(l+ill+ll>_It'u<'<l,l'<,slw('tiv('ly, itl i+ll(,n<,

r ,+ t, ,+'¢at'iotls (:+;s(,s. l+nl dat+a ('stittt+-_l+('.'-;of ill(' attl()tltlts of hvdrog<'tl l_r(,+lll(,('<l+Itl<il_llt'tl('<l +it(,
i;l(,Itld(,d for t'('f('t'(+llC(..

5.2 Melt Injection Timing

,, (, (,'l'h(' MI,I, ,Of{ I) II tilo(hq (lo('s tl(>l 111(><h'lIt'++ttlSi++tlttrali+"+l)()t'tof <l('l)t'i._ itil,(> _ti<+l

throttgh th<+syst(,ttl, l)tli, itlsi<'ad itlllli<+(Ii+_i<'lyl)l+t:c('slh<, <l('l,t'i+ +_iits till+lift+it('d<,ntiti,+iti()ll.

MEI,(+()I( us('s +_tsingle l'llti(:tiotl for lh(, iitu(,-(lel)<,ti(l<,li('(, ()I' i.li<, lli+'l!, itlj('<:t,iotl itl +ill
('()tltrol volutti<'s +_.li(lh+,a.t siru('ltlt'(+s; iti r(,+tliiy, i+li<,Ni('It t'<,+_+(:h(,sth(' stil)(:()tlilmrttt+(+lits

lat('r t,llat+ the cavity, ati(l th(' (lotli(+ lat+'r illatl ill(' slil)('()tlilmi'tlti('tit.'.+.

Melt itLjc'(,tioil (:olild l)+'gitl at, t=0, ,'+iti('<'tllat is ,l<,iiti+,<l+_nill(, i,+ill(' illal th(' brass

plug at, ill(, bottottl of t.li(, (,rti('ibl(, fail('d atld wan <.xp+,ll<'d by lligh-pt'+'s.'+llt'<'nl,++++llllilllo

ill(, (:avily. (_avii,y l)r('s+'.;tit'(' (l+tta+iti<li('ai(,s +i l)t'(','..+sur(' ,'-;i+,.ik('ft'olll fli+,l-('(,(d+uli itli,('t'+_('ii()tl

(l+'(+I) ;+isllloli,('tl l)ran._, st(,(,l ati<l I li<_t'lilit('('lli.(>t'sill<, (:_vil.y l_<,l,w+,(,tl(l a.ti(l +0.3.'+, l'olIow+,<l

l>y d(,bri.'.+etit.t'aililti(,tlt, l't'oi+_iill( + <:avity illtO Ill<+sul)('(+llilJ+trtltl('ilts I)(+tw(P(,tlal>out 0.,Is

atld ().Ss. l ligli-sl)('('(l (,attl(+r++i,'.;sl_(,w(,(l <l+'1,t'isi)ai'li('l<'s (,j<,+,i(,d l't'(,ti+ill(' slit)coli+im, rtlti('tll
stril_'tul"(+s lowar(I ttl(' Ulip('t + (lotil(" ()["th(, Blirts(Ly v(,ss('l, with a('t'o.<+(>lsvisit)l<'+it--+0.1.<+
aud llydl'o_('ti j+'t t)lit'tlitlg vi.,+ild<,i-it _+ib(Jili 0.2-0.4.'+; +it al)()lli I.<+,lll(dt(+tl lmt'li('les w(_r(,

sc'(,t, to fall, irtil_,lyir+gtllat (h'bri+,.+ilti++(;tiotl +:_tld+'tlti+;_+itilti('tllw+_.,.+(>v<+t'.

'l'h<'+tittle-(h'l_('ti(l('ti('(' of ill(' lli+'It +id<liiiotl itl i.li(+MI,iI,('C)II itll)llt, w+t._ad.+u.'.+tx'(lI+o

ttlal,ch tlt(++ fat(' ()I"l)t'('sstit'('+ati+l t<+tiil)('i';dut'(' iti('t'('a.s(, iti t+]_('v('.'-;.'-;(,l.M(,]I itti('('tiot_win.+

+_]w+Lysasslltt+(,(I to +,-;i.at'1.at. t,itli(,=0, l)tlt t,li(' titti<, l+<'t'i()dov(,r wtli('Ii tli(,li, itL+_,('iiotl w+ls

Sl)+,(,ifi(,(lto o(,clir was vari+'d ft'(ml 0. is illolit411 0.Ss aud Is to 2.5.'+ itl tll('s(' s(,llnitivil.y

sttt(ly +_alys('s; itl ('+_(,ll(,a.'.++',l.l)+'itti('(:iiotl i'+it(' v,'+_.,+++i.'-;_utti<'+l+'(>tl.,+i++llllv,'iillili th(' titti+,

l)('rio(l.

]{+'suil,itig i)r(,(li(,l<,(l ','(,,_s(,lI)t'(;,,,-;slii'(,s_-Ir(> .<+;li(Jwii ili l"igiir(" ,_.7.1, l.og<'i]i('t' with l,h<' Ix'_i.
(i_li,_l. ']'tie ('ff'(,('i,of ]('iigt ll('tiiti<_ ill(' tll('ll itli('('i iotl l itilitig i_ r<'ll('('t('(l iti a l)i'()gt'(,_siv(' (l<'lay

iti l.li(' l)('ak v('_._(,I l)l'(,_.'-;lll'(' _-ili+!a (:oi't'(',<+l)Oli(liligili(:i'(,_ls(' iti tit(' itlagliilii(i(, ()t' tit(' l)(mk

l)l'('s,'-;iii'(", A,'-;ili l,ti(' ,'.+t(,_ililI)]ow(lo'¢cli titiiitig> stli(l,y r('.<.;iill_,l,h(' ('h_itig(" i,<.;itioi'(' l)i'OliOiiti(:(,(l

ill l.ti(, i,c+_i,_witll hydt'o_('ii t)lll'll O(:('ill'l'ill_, witll lilt, l(' (it" I1()('fh'('l, vi,<+it)h't'oi' l.ti(, <;l,s('swii, h
TIOh.ydrog(,ii btii'tl. 'l'tl(> cal('illat<,<! l)i'l'.'-;.W,ill'iT, ll.l.iOtl is ()l)vi()lisly too lOW aiid to()('_li'l.'>,"w.'ith
a iil(,lt iil i('('l,i()ii f)('i'i()(! of 0. l_, arid too high _lil(I too I;li+' with a itl('li, iti.j('(,t,itili l)(,riod
of 7.5s. 'l'h(' t)(,,<+t?lgr('OiTi('tit for v(:,,_(,! l)i'(,_,,+,iil'(,i+'-;I'Olitid ti_iii_j til(,ll, ilij(,('iioli p('riod_ of"
0.5-i.0_.

'l'+li)l('s 5.2. l ali(l 5.2.2 (olill)+-i,r(' tti(_ +lltl(Jtitits of hydt'(ig('ti g('n(,t'+ii(:'(I +itl+l lilirti(,<l, t'('-
._l)(:'('liv('ly, ili i,tl(,+(' _,'+lt'i()ii+('a+('+. 'I'll<' aillOtilil of ii),dr(>g('ti l)r()(liic(,(1 is +-iv(,l'y sl,i'()tig
['llticl, ion of til(' ill(,ll, itli('<+'i,i(_til)('t'iod a,w,stitli(,(l, _-i+,',;i.'-;ih(, aitloliiil+ of lly(ir()g('li tiili'ti()<l.

'Flip ]iy(it'og>('ti l)i'Odtl('l, iOli ('+t.l<'lll_li('(! +l,<-;Siilliilig a, ili('lt, iil.i(+'(+i+ioiii)('riod (if' !,_ i._ iti t)+',_I.
agP('.(;'ill('lil, witll (l+l.t,+l.('I'll(' iiy(ll'()g('ii ('(Jilli)lisl, ioil l_r('(li(:t<'(I _-ll)l)<'+i.t'+l()()I()w ill +ill +'+l+<+',_,



Table 5.1.1. l lydrogen (leneralioll for th(, HNI_/II,:T EXl)erilu(,nls HteaIll 13lowdown

Sensitivity Study

Experi merit llyd ro_(,n I' rod,(:(,(I (g1_l-rli_,l,,,_)
l)alaI M EI,('OIi I

TI' I, I' ---=

0.Ss Is 2s ,Is

IET-I El3 4'3S/109 369/34:1 2_6/266 22,1/2I)7
IF,T-II{ 2_1_ ,t07/.101 311/33_ 2661267 210/212

IET-3 227 :1:i5/4,1:i 2.()_/`1()9 232/;i5'2 lSl/;l()S
IET-4 303 350/,15N 31<1/,12_ 2,13/361 l81/3 l9
IET-5 319 365/,|25 310/:17.1 2,10/313 1s_/267

IE'I'-6 319 339/4,15 305/41.1 236/35,1 183/309

IET-7 27-1 327/_1:1x 29,1/`105 229/351 17S/305

Ifrom gas grab l)otlle samples al 30nlin

I(a('lual values at, 20s)/(assunling only sleam/mel, al reaci_iotl,s)
i

Table 5.1.2. Hydrogen Comt)llstion for the SNL/ilCI' EXl)('rilnelils Sl('al_l

Blow(lown Sensiiiviiy Sludy

EXl)erimenI lly(lrog,(m Burned (gm-n_()l(,s)

l)ataI MI':I_(!()R I

rI'i,I' =

0.Ss Is 2s ,1s

r,j,;'r-l 3 o1,1 o/,,_ o/4 o/`1
IET-1I_ 11 0/2,_ 0/2S 0/2S ()/2S
lET-3 190 272/387 242/359 ISS/313 1,'17/27_I
IET-4 240 300/414 272/390 209/332 16,1/296

[ET-5 5a 0/Ss 0/ss o/91 0/91
IET-6 3,15 257/373 23,1/351 182/307 1,10/272

IET-7 323 321/437 28(i/`1(),t 223/350 173/304

Ifrom gas grab bottle salnples at 3()rain

_t(actual values at 20s)/(assuming only steam/metal reactions)

.19



Vigure 5.2.1. \;(,ss(,I I'l'(,ssll_'(,s r(,r SXI,/II._'I I._xl,(,rilt_(,llls Isillg _1(,11I_l.j(,(.(;(,t_
l'i_ll(,,_ ()1 (). I,_ (_l)l)(,r I(,l'l ), ().;% (_1)i)(,_, _i_l}l ), I,_ (l()w(,l' l(,rl ) ;_;l(I 2.,-)._
(l()w(,r li_lll) _1(,1I lll.i(,(.li()ll 'l'illlill_ _(,ll_itivil%. _ll_(l\.
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as a t'ractioll of tile alllOllllt of IIv(lrog('ll gellerale(l, bul re('all tllat we are COllll_arill_

('al('lllat(,_l rallies a! 20,n will1 exl)e1'itlleII1 e,_litllaies t,ased lIt)OIl _a.__ral) bottle nalllplen

i,akell a l :iOwllirl; als()re('ali l]lal ill_' lesl (lala itl(lical,es sotlle late-ti1_l_, IIvdrogen bllrtl
t_sl hay(' o('('nrre(l, at_d ll_' a_alys_'s also sl_ow a _ra(l_al i_cr(,an(, i_ l,l_(' a_o_ll, of

'i'h(' i i_liILK a.,.;s_i_;('(lfor Ill(, n_('ll it_.ie_'iio_ also ha,'-;a very slro_ (,[['(,('t o_i I.I_(,sul)-
('()Itll)arllll('lll i.('ll_l)('ralllr('.'-; l_r('di('ie(l, as illusl ral('d i_i l"i_4_r_',5.2.2. 'I'Ii(, ('al('ulai,(,(l ,,.;_l)-

('(_l)arl _i_'I_I.iel_l)erai_res rise d_ri_l_ l l_, ass_l_ff,(l i_,iecli(:,_l l)('riod, a_d l)e_i_ ,Irol)l)i_Ig
ral)i(llv after t_('ll in ieclio_ ,,.;lops, n'_Iti_4 i_ a slro_g, peak al II_(, en(l of lhe injeclion
l)(,ri_(l. 'l'l_e calc_lale(l s_lwo_l_parlt_(,_l, l e_l)eral llre rise is ()l,vio_slv ioo early wil l_ a

I

_('II i_.ie('li()t_ p_'ri_)(l ()l"(). In an(l also ',vii I_a l)erio(l of ().Ss, a_l i_('Ii i(,o l_i(' will_ a _('II

it_.ieclio_ l_eri_d of 2.5_. 'I'I_, l)enl a_l'ee_('_It is l'(m_(l _._i_ a _'II i_i('_'lio_ l)(,rio_l of I._,

I)_I ll_e (lill'er_'Ill i_llecliot_s i_ llle i esl _lala c_rw,s a_(l i_ il_e _II",I,(I()I_ r('sl_lls _l_(,sl

l)erio(l.

l'lase(l _i)o_i i l_(' res_ll,s for ll_e ,,'_,,ss(,ll)r(,s,,.;_r(,,ILwlr(,_e_ _'_,ral i_,_ aI_l n_l)c_l_arl-
_(,_i l.er_peral uteri, tl_e re_ai_der of o_r a_alynes were r_ wil l_ a I_('I! i_l.iecli_)_ l)erio_l
of Is, v,'ill_ I_()st of iII(' i_ie('tio_ ()('('_rri_g, (l_ri_ ll_e ._e('()t_(ll_alf (,I"l l_ai l)_,rio_l. ('I'I_(,

_|L('I l|_|l V_'i]l|('S_S<'(lWere_iv('t_ itl Talde 3. I.I.) *l'l_is _<Is _t_('ll i_ti('('_io_l l),,rio,l is i_ r,'as,,_-

(lo(,s _()l a('('o_i for a_LV lo('aliz,'(l li_i_l_ delays (!_(' l(> (h,l)ri._ trallSl)orl Io (liiF,'r,,_t
l()('al i()_s.

5.3 Melt Injection Amount

'Fal,h, 2.1.3 gay(' a (lel)ri_ r('('()v('ry _n_ary for lhe ,";_rl_('.v II".*I' ('Xl)('rin_('_li._. *I'I_('

l()lal (l,"l)ris _ass r('(-ov(,r(,(l frown ll_e vessel was u.'.;ually gr('al(,r il_al_ ll_(' i_ilial il_('r_lil("
('harg(" (i_(" io ln¢,liing of il_e i1_(,r wall of li_(, ('rl_('il)le, vai)()rizalio_l ()f tl_(' I'_,_il)l(, I)ra._,_

l)iug, al)latiota of ('o_l('r('t(, i_l i l_(, (,aviiy a lid slr_l('t_ar(,._, a_l(! (,xi(lal, i_)_ (,t' _l('lalli(, debris.

l)(','-;l)ite t lle _'ar(,ful (l_al)li('alio_i of l la(, initial *13k_4tl_erltlit(, ('l_ar_4('i_l ll_(, S_zrl,s('5'II'FI'

i.l_(, vessel res_It i_ ,,-;()_I_(,u_:('('rtai_ly in i l_(, a('t_al a_()u_i an_l _'(_1_l)Osiiio_lo[" t1_(,ll
inject('d i_l() Ill(" vessel, a.'.;i_(li('at('d in 'l'al)l(, 5.3.1.

"I_I_(' it_aiorily of ()_r MI']I,('()I( a_aly.,-;(,ssi_1_l)ly.'.;l)('(,ifie_lI I_' origi_al ,l:ll,:g i.ll('r_lil(,
('harge _lass, _egl('('li_ I)()II_ th(, r(,l_'_llion ()[' a11y (h'l)ri,'-; i_ IIi(" _I_(,lI_4('l_('ralor a_(l I I_('

a(l(liii()_ ()t' a_v (l('l)ri._ (lu(, io _('ll.i_; ()t' tile i11ner wall ot" t1_(, ('r_l('il)l(,, vat)orizati()_l ()t'

il_e l'Hsil)l(' I)rass l)l_g, ai)lat io1_ot" ('ov_(,r(,l(. iv_I!_(, (-avily avail ._trl_('l_r(,s, avl(! oxi(lalio_l ()f

l_elalli(' d('l)ri.,.;. ('l'l_e salue assu_l)ti()n wa._1_a(l(' i_ ill(' ('()N'I'AIN a_aly,'-;('.'.;[27].) "li_

it_ wl_i('l_ tl_(, total i_('lt _l_ass i_.j('('l_,(! was r('d_('(,(! t(, S()(Z, alibi .q()_/_,ai_l i_('r_,an(,_l l()

l l_e _l('l)ri._, 11_(,(lel>ri._ t(,t_l)(,ratur(, a11(l ['ra('lio_lal dint ril)_ii()t_, a_(I t]_(' ['ra('ti()i_ ii_.j('('l('(I
_,._little wen, _ncl_a_g(,(l.
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ftTable 5.2.1. ltydrogen t, n(raiion for the SNI:/IET l,;xl)erinwilts Melt Injection

Timing Sensitivity Study

Experi nient llyd rogen I'rod uce<l (gin- nioles )
Dalat MELC.OII

rt)ebri s =

0.1s 0.Ss ls 2.5s

IET-I 2:3;3 14,1/129 207/1S9 293/271 458/,118
la '_ILq-IR 2,18 134/1,12 192/197 '271/570 ,139/41S

lET-3 227 146/269 157/310 23.)/374 352/,17,1
IET-,I :303 99/278 162/319 251/390 3,16/47,1

IET-5 319 108/208 167/25_ 2.1.1/322 390/447
IE'F-6 319 97/269 160/313 539/374 351/472

IET-7 274 96/267 15,1/306 231/365 350/470

_end-of-calculalion values at 2(Is
it(actual values at 20S)/ (assuming only steanl/metal reactions)

Table 5.2.2. Hydrogen C ombuslion for the SNI:/IE'F I,;xperim(mts Melt lnje<;lion

Timing Sensitivily Sludy

Experiment ttydrogen Burned (gln-rnoles)
l)ata t MEl,CO 1/

7"Debri. _ =

¢ "S0.1s 0.Ss ls 2.:):

IE T- 1 3 0/,1 0 /4 0/,1 0 / 4

IET- I( ll 0/26 O/26 0/26 0/26
IET-3 190 87/562 1:35/290 191/331 255/391
IET-4 240 93/273 1,15/305 214/:358 572/413

IET-5 5:3 0/109 0/103 0/97 0/95
IET-6 345 82/257 129/286 18,1/325 246/385

IET-7 323 94/267 150/305 225/365 333/466

_end-of-calculalion values at 20s

}(actual values at 20s)/ (assuming only steam/metal reactions)
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Figure 5.2.2. N_J'"'c)_lit)'_rtv_"l_l 'l'('_Vll_'_'r_tllr('_f(,r ._Nl./ll,]'l _ i,_×l,,riv_,=_is l':;v,_ hl_,ll
l_lj_'('tic,,t,l;r,_,_,_c,,l'(_.ls (l_l)l,(.r J(,tt). (_..S,,-;(,,J,,j._('rr'}_llt), Is (Io,,v(,r I_,lt )
;ly)_J2.,¥.; (J_.,v,.'_'rv'i_J_t) .\l_'Jt l_Li('('ti,.,I_'l iIl_i_ig ,_(';).";JlivilV _lll(J\"

._:_



Table 5.3.1. Debris Masses for tile SNL/IET t!]xperiments- Melt Inject, ion Amount

Sensitivity Study

lET-1 IET-1R IET-3 IET-4 IET-5 IET-6 IET-7

% Excess Mass

Recovered (TotM)I 27 26 29 .40 30 24 32
% l!;xc_,ss Ma.ss

Recover¢,d (excluding Crucible)J: 9.6 9.4 8.8 19 5.1 4.,5 13

% Initial C,harge
llecovered fronl (_rucible¶ 10.6 1.0.8 10.5 22.7 6.0 5.3 15.7

% Initial (:h_rge

lnjecled into Sysleni._ 89 89 90 77 94 95 84

% "lbta, I Coll¢,cted
Recovered from (Irucibleg _,.3 8.6 8.1 16.3 4.7 4.3 11.9

% To".d Collected

Injected into System.L' 92 91 92 84 95 96 88

'f(Total mass recovered - 43kg) / 43kg

,[Total mass recow,_red from (cavity/chute+subcon_partments+dome)- 43kg] / 43kg
¶(Mass recovered from crucible) / 43kg

!i[Ma,ss recovered from (c_vity/chute+subcomI, artm¢,nts+dome)]/43kg
f:_(Mass recovered from cruci ble) / (Tot_¢l mass recovered )

£[Mass r¢,cow.,red from (cavity/chute+sut, com partments+aome)]/ (Total,na,ss r,,covered)
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Figure ,5.3.1 shows l)ressurcs in l,he vessel predi<:ted using various nl(',lt a,lnoun(,s, to-

gether with experimcnta,] data ff)r compa, risoii. As would be ex!m,:(,ed , the w'sse] pressllr-
iza,tioIl increases a,smore melt mass is injected during the Ill'ME. Also, as sccll in nla,lly
of our of, tier seIlsil;ivil,y sl,udy analyses, l,h(_'effecl, is larger for those l,esl,s witll hydrogen

burn occurring than in tim ca,ses wil,l_ I_o hydrogen burn.

Ta,bles 5.3.2 and 5.3.3 prcsenl, l,he anlo_mts o1"hydrogen generated and hurtled, rcsl)e<:-

tively, ill l,hcse va,riolls ca,ses. 'l'est <la,l,a,cstillla,l, es of l,he amounts of ]lydrogcll I)rodllcc<[

and burned arc included for rel'ereIlcc, There is a stllail increase ill both hy(lroge_l i)ro-

duel, ion arid conll-)ustioll with increasing melt illjecl, ion a,ltlounl,.

F'igu re 5.3.2 giw's slll)colllparl.ment i,e111])era,l.ures calclilated usitlg va,riotas llwli, a,nlo_lll,s,

t,ogel, her with exl)erime_i, al da,l.a. As see_ i_l the ]lydrogcn prod_cl, io_ a,_<! cot_]_uslion,

there is a, sn_a.ll increase i_ s_l)conlpa.rl, nw_l, l,c,n_pcral,_re wil,h i_lcr(',a.sing tne]l, i_kie(:l,ion

5.4 Melt Injection Temperature

rl'('Sl, data in(li<:al,e<l a <l('bris te._l)<;ralure of 2300K, wtlicll was tl_<, value _s(,<l i_

<)_r bllgl,(',()l{ r<_l'crcnce a._alyses whos(' resull,s were giv<'_ in Se(:li()n 4. As a s('nsitivily

study: <,a,l(:_la,tions were ru_ with tile ([ebris l,e_t_l)eral,_re set t(>2000I(, 230()I(, 25()()I( arl<!

300()K. Values ill the 230()t(-2500I( ra,_lg(' were c<msi<h,r<_d_lost likely in l,]_c<'Xl)(,ri_l<,_l,s;

2000K arid 30001( were s<'lc(:l,ed a,s t)o_n(ling valt_es ba,sed Ul)O_lzir('aloy tn(,lt, i_tg at _,-2100-

22001( a_l<l <)_ l!() 2 mell, irlg at 3113K.

Vc, sso.I t)r(_SSllres predicted va,ryi ng tile dct)ris l,(.'llll)(_ra,l,llr(? a,rc I)r('sel_l,e([ ill l:igu re 5.,1.1,
l,ogel,]lcr with l,csl, da, l,a.. 'l"l_c ef[_('l, o[' in('r<_asi_lg Ill(,' rn(qi, l;e_ll)cra, l,t_r(, is l,<)i_(:rcas<, l,[l<,

w'ssel i)ressur(,s cal(:ulal,ed. 'l'a,hles 5.4.1 and 5.4.2 s_lt_nla, riz<', l,]_e a.i_l()_lls <)1']_y(lrog<,t_
ge_l(',raled and b_lr_e(l, resl)c<:l,iv<_ly, with v<'ry lil,l,le <l<,'l)<,nd<,n<:eoli inell l,<,l_l)eral._re
visible.

This debris l,e_nl)eratur(? va,'iation lla,s tile str()_lgest; <'t[('(:t <)t_the s_l)<'o_ll)arln_etlt

l,eu)4)('ral.ur('s predi<'l,e<[, a,s i_<li<:al,e(I in l"ig_lr<' 5.4.2. '1']_<'(:al(:_lat<,(I stll)('Oml)arl,m(_l_l,

l,(,r_q)(,ra.tt_r<,si_l<:reas(:,wilt_ in(:rcasir_g debris l,en_l)era.l,ure , with a 100()I'_ i_<:reas(, i_l (l<'bris

l,('mpc'ral,_r(', t)r()d_(:ing a, ,--,5001( increas<, i_ sul)(:<)t_l)a,rl,_(ml, l)<,al( (,etl_l)cra.lur(_s.

5.5 Melt Injection Distribution

As _1o1,('(1a.l, l,he sl,a,rl, o1"S<,<:lion 5.2, l,]l<',MEIX',OI{ !)(III _o(l<,'l (lots _<)1,n_o<lcl

! l,ransicnl, t,ra.nsl)orl, ()1'(l(,'])ris into a._l(ll,llroug]l l,]le systen_, ])ul, i_lsl,ead ir_ne(lia.l,(qy l)la,c:(,s
the (lebris a.t its ultitna.l,e (l<',sl,inal, io_. 'l'lle (let)ris fra,cl,ions l)la,ce<l in ('a.(:]l<:o_l,r()! voluttic

a,_d ()_ each I_eal, sl,r_<:tl_r<_arc co_l, rol](,(l solely I)y user it_l)Ul,. I_1tl_<,sc IE'I' a,_alys(,s, t]_(,

([cbris in,i(_(:tecl was all l)]aced in variotls <:<ml,rol volu_(.' al,_Osl)l_eres a.t_<ll.llerl a llowecl

to s('l,l.le out o111;ofloor heal, sl,r_l('l,tll'(,s; rio debris was sp(:cifie<l I,o !)<,<lcl)osit(_l <lirc<:l,ly
o_to a_ly ]lea,l, sl,ru(:l, ur<;s.
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Figure 5.3.1. Vessell)resstlresl))rSNI,/II!;Tl';xl)vritli(,tlistlsitlgh,l<,li!\l+tss(,sof'80<)4
(lll)l)(_r l<'t'l,), !JO% (Itl)pvr rigl_t.), 100% (lower I(d'i,) ,_t_+l 110</<_(lower

ri_lil.) tli(, lliil.ial (lh+.i.rg<r.+• _,lell, llijv<:'l.iori Airlotliii.+ ,S+,li,<.iilit,itv +Sl,tl<ly



Table 5.3.2. Hydrogen GeneratioIl for the SNL/IET Experiments-- Melt Injection

Amount Sensitivity Study

Experiment ttydrogen Produced (gin-moles)
Da,ta'f MELCOR :_

(% Initial Charge)
80 90 100 110

IET-1 233 249/231 268/248 286/266 301/278
IET-11{ 248 227/231 248/250 266/267 281/280

IET-3 227 199/303 21.5/326 232/352 245/371

I13'11'-4 303 21.1/:312 229/340 243/361 262/389

IET-5 319 208/269 225/292 240/313 255/334
IET-6 319 201/307 216/329 236/354 249/376

lET-7 274 194/300 212/325 229/35l 242/369

'ffrom gas grab 1)ottle samples at 30rain

:[:(actua,I values at 20s)/ (assuming only steam/metal reactions)

Table 5.3.3. Hydrogen Combustion for the SNL/IET Experi_nents- Melt hljection

Amount Sensitivity Study

Experimerg Hydrogen Burned (gin-moles)
Da,ta'r MELCOR 1:

(% Initial Charge)
80 90 100 110

IET-1 3 0/4 0/4 0/4 0/4
IET-1R 11 0/28 0/28 0/28 0/28
IET-3 190 161/268 173/289 188/313 197/328
IET-4 240 181/286 197/311 2o9/332 2251357
lET-5 ,53 0/77 0/84 0/91 0/99

IET-6 345 156/267 168/287 182/307 192/326

lET-7 323 189/300 206/323 223/350 236/368

_ffom gas grab bottle sa,mples at 30min

:]:(actua,l values at 20s)/ (assuming only steam/metal reactions)
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b4[LCORAssessment:SNL IET Tests klELCORAssessment:SNL ET Tests
1 6 16 , , ' , , , ', , , ',' '

¢r-i (u_Lc0e)

.-, I 4 ,---, 1 4 --...-e.-- ¢r-_ (_LCOR)¢r-3 (_LCOR)
---e-- ¢r-4(races)

o._.. 1 2 _ 1 2 ---*---I:T-5 (MI:LCOR)
c, ,D _ Ik"r-6(U_CO_)

"_ 1 0 "_ 1 0 -- IL'I"-, (la¢1.C0,)--e-- [T-_ (Oo_a)
L_ --_..- ¢r-_ (o_)

0 8 _ 0 8 --,,,-- L"r-_ (0_0)"E --z-- i"r-4 (D_o)

0 6 _ 0 6 "'"'" _-_ (_0)
b --.,-- _-8 (Data)

° 1 4 0 1 2 _ 4 5Time (s) Time (s)
SNL Surtsey lET Tests -- SUN reference results SNL Surtsey lET Tests -- 110Xmelt
FKDJDIFNH 6/11/93 09:37:23 MELCORSUN FKDRCJNNN6/11/93 17:26:42 UELCOR _UN

Figure 5.3.2. S_ll)('()_t)artl_cl_t 'l'(_'V_l)('rat_arcs for SN1,/Ili'/I' EXl)eriv_(,]_ts- (!siv_g M(,I(

Masses of 8()_/_,(_ll)per let't), !)0% (_l)l)cr right), 100% (lower lcl'l,) av_(I
11(/% (Iow(,r riglll,)1,he Ir_itial ('lta, rg(, Melt lI_j<,('t,ioll A_()_lnt
Sevxsil,ivil,y SI i]_15,,
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IA£LCORAssessment:SNL IET Tests k_ELCORAssessment: SHL IET Tests

E_-t(_co_) L I _ _-,_ (_LcoR)I-
[T-_<_COe> I I_ [T-_(_LCOR)I

60 0 _ lET-4 (MIELCOR) 600 r I -"'B"- i£T-4 (MELCOR)I"
--,--(T-SO,ELCOe) F _ I"--'"t'r-s(mcoR)I"

iLrr-s(_l_coe)
500 500 L __'_"'=---.._ I-"- _T-_(_co_>I.

-.--.**-.- IET-7 (II£LCOR)--"- r I"
400 --*-- [_-, (_o> _ 400 I"L'- -'_1 "'_'" _'_ (_°> k

- --.-- w_-_<o_°) _ L_" - --I "'"" wr-_(_o) L
= --.-- _-4 (O=o} _: I --.-- _-4 {o_o) I"
_: 300 --.,--,r'r-_(_,0) _ooI'__ "'"'"(T-_(_o) I:
) ""-''_-_(_°> ) _ I "''''_T-_(°°'°) m-
> --N-- t'I"-7 (1_0) --M-- IT-7 (l_o) l"200 200

100 100 I
0 I i i i i , i I * i 0 " I I I * i i . m. _ i *

0 4 8 12 16 20 _ 0 4 8 12 16 20
Time (s) Time (S)

SNL Surtsey IET Tests -- mett-l=2500K SNL Surlsey IET Tests -- melt-T=3OOOK
FKDSDZklHH6/11/93 18:44:52 MELCORSUN FKDTCJRNN6/11/93 19:26:45 MELCORSUN

Figure 5.4.1. \P('_('I l)i'(._x,,,.(,_ t_)l"%N1,/II':'I' I,:×l)(,riI_l(,lllx I:_i,_ :\I(,11*l'(,_,l)(,ral_r(, _

:IO()OK ()ow(,r ri_lll ) _¥l(')l 'l'_,_l_(,r_tti_r._, ,q¢,_l_ilivil,v %1_z(lS'
i

.')9



Table 5.4.1. Hydrogen Generation for the SNL/IET Experiments- Melt

q_mper_ture Sensitivity Study

Experiment ltydrogen Produced (gin-moles)
l)atat MELCOR

rDebris --

2000K 2300K 2500K 3000K

lET-1 233 276/255 286/266 301/281 313/293

IET-IR 248 254/253 266/267 280/286 295/298
IET-3 227 221/341 232/352 248/364 261/374

IET-4 303 238/355 243/361 260/374 275/387

IET-5 319 228/301 240/313 257/330 269/343
IET-6 319 230/348 236/354 253/367 256/370

IET-7 274 218/338 229/351 248/363 256/370

tfrom gas grab bottle samples at 30rain
:]:(actual values at 20s)/ (assuming only steam/metal reactions)

Table 5.4.2. Hydrogen Combustion for the SNL/IET Experiments Melt

Temperature Sensitivity Study

Experiment Hydrogen Burned (gin-moles)
l)atat MEI, COI{ :l:

rDebris =

2000K 2300K 2500K a000K

IET-1 3 0/4 0/4 0/4 0/4

IET-1R 11 0/28 0/28 0/28 0/28

IET-3 190 176/301 1188/31.3 204/325 218/336
IET-4 240 201/323 209/332 227/345 243/359

IET-5 53 0/92 0/91 0/92 0/92
IET-6 345 174/299 182/307 199/319 207/327

IET-7 323 212/337 223/350 240/360 248/366

tfrom gas grab bottle samples at 30rain

:l:(actua,1 values at 20s)/ (assuming only steam/meta,l reactions)

i
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Table 5.5.1. Debris Masses for the SNI,/IET Experiments I)ebris l)istribution

Sensitivity Study

IET-1 IET-1R II;'.I"-3 IET-4 IET-5 IET-6 II';T-7

Distribution (%)

Ca.vity/Chute 14 27 33 17 38 17 27
Subcompartments 76 66 61 59 59 72 68
Dome 10 7 6 14 0 0 5

There is no guidance from the experiments on how much debris stuck to walls imme-

diately rather than circulating and falling through the atmosphere before settling. 'File

experimental debris distribution is based upon post-test collection of debris from the ves-

sel and does not distinguish between debris deposited immediately or later. We assumed

! it was not likely that a large fraction of the debris immediately adhered permanently to

a structure surface, given the highly turbulent conditions visible in the video records.

Table 2.1.3 presented a debris recovery summary for the Sllrtsey IE_I' experiments.

Table .5.,5.1 gives melt distribution patterns derived from that l,est data. Although there

were small differences in the test data debris distributions, the FI)I input debris distribu-

tion was kept the same in our MELCOR input for all tests analyzed (with 15% and 10%

of the debris input to the cavity and chute, respectively, 65% to the subcornpart_nents

and 10% to the dome).

However, in most plant analyses, there will be no eqtlivalent data set providing guid-
ance on HPME melt distribution. To evaluate the effect of the debris distribution as-

surned on the overall 1)CH behavior calculated, calculations were done in which the

experimental debris distribution for each test was used, and in which 6,5¢)4,of the de-

bris was placed either in the cavity alld chute (with 25% in tile subcompartnleiits and

10% in the dome) or in the dome (with 25% in the cavity and chute and 10% in the

subcompart ments).

Figure 5.5.1 shows pressures in the vessel predicted using the various melt distri-

butions, together with experimental data. There is very little difference seen in using a

single basecase debris distribution or in using more experiment-specific distributions; this

is not surprising because the variations are generally quite small. The major difference is

seen for the calculation with most (65%) of the debris specified to go to the dome (with

25% in the cavity and chute and 10% in the subcompartrnents). The higher pressures

calculated in that case are due to the deposition of a,majority of the debris into a volume

with a longer characteristic settling time (proportional to the volume height) which allows

more time for oxidation and especially for heat transfer from airborne debris to the at-

mosphere; other effects may also be involved to some extent, e.g. a proportionally greater

atmospheric heat capacity and less atmosphere-to-structure heat loss. The characteristic
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Figure 5.5.1. \<ss(,1 l:'r('ssllr(,s f,)t' ,'-;NI,/II,;'I ' l+;×l)<,ri_tle_ls (;:.;it_,u;l++_s(,<'+t,,.;(,:\!!(,It
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Table 5.5.2. llydrogen Generation for the SNL/!ET Experiments .....Melt

Distribution Sensitivity Study

Ext)erin/ent llydrogen Produced (gin-moles)

l)ataI MELCOR }

Basecase Experimental Mostly into Mostly into
Distribution Distribution Cavity I)ome

IET-I 233 286/266 251/232 332/307 245/233
IET-1R 2,18 266/267 272/272 315/311 226/239

lET-3 227 232/352 266/354 279/3781 122/,197
lET-4 303 243/361 220/367 295/396 122/496

IFT-5 319 2,1()/313 273/321 28_/348 144/490
IET-6 319 236/354 21,1/336 285/385 122/496

It;;3"-7 274 229/351 232i330 274/374 122/49,1

tfrom gas grab bottle samples at 30rain
_:(actual values at 20s)/(assuming only steam/nletal reactions)

Table 5.5.3. Hydrogen Conlbustion h>r the SNI,/IFTI' 13xperimcnts Melt
Distribution Sensitivity Study

Experi ment tl yd rogen B urned (gin-m oles)
l)a,tat MEI,C()R {

Basecase Experimental Mostly into Mostly into

Distribution Distribution Cavity Dome

IET- 1 3 0 / 4 0 / 4 0/,1 0 / 4
IET-IR 11 0/28 0/28 0/28 0/28

IET-3 190 188/31;I 220/313 220/328 82/460
II';T-4 240 209/332 186/338 251/358 95/471
IH'-5 53 0/91 o166 0/85 0/357

IET-6 345 182/307 164/293 216/325 78/456
lET-7 323 223/350 226/328 265/371 120/49,1

_rfroni gas grab t)ottle saniples at 301nin
{(a,ct ua] values al, 20s)/ (assli nii lip_;only stealli/nietal reactions)
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6 DCH Modelling Studies

Tlmre are a, nunlber of user-in t)ul, 1)arameters in the h igh-l)ressu r(, Inel t eje<,l,ion In()(lel

in MEI,(',OI(. These paranlet, ers (lcfine both the initial debris source a ild tile stil)se(lll(,llt

debris iilt.era.('tion. The effects of varyivlg t,lle asslllned (lebris sollr('c (illj('<ri.ion tilnillg,

l,('ml)erature arid distriblltion) were evaluated in the l)r('violls se(,li<)il, as l)art ()t' tile

<'xl)erimelltal-c<)ndition uncertaiiity study. Irl tllis sectioll, tile eff('cts ()f varyiTig tile ('har-

acteristi<' (M)ris interaction times arc investigated.

'l'lle l)rocesscs vno<lelled include oxidation of the nletallic (l(,I)ris (;Onll)Oilelils in l_oth

steanl an(l oxygen, surface (lcl)osition <)fI.t1(,a.irborne <l('l)ris/,y tral)l)iv/g; ()r s(,t,t,livlg, a.vl<l

heat IraIisf<,r to the a tniosplmre and lo <h.'l)osition surfaces; [irst-<)r<ler rate e<tuaiions

wiih ilser-st)ecified tinm <;onstanls for oxidation, heat traiis['er an<l settling are: used to
(leterllliNe lhe rate of each l)rocess.

6.1 Airborne Debris Oxidation Characteristic Time

Tile r<'l'<'r('llcc analyses discussed in Secti<)_ 4 used a _lser-ii_t)u!. cl_ara(,i<,risii<" lir_l(, of

0.025s f<)r ()×i<tation of debris slist)euded in ('<)illrol v(>l_llil<"ailll<)sl)ller('s. (Oxi<lati()ll <)f

seltl(,<t (l('t)ris is controlled hy a sel)arale characteristic time, as (lis<'usse<l ill ,Se<,tioli 6.4.)

A sellsitivily siudy was dolle in whicli this airborne (let)ri.s <'hara(,ieri:_;i(, <>xidatioil lime

was r('<lll<'c<l Io 0.005s a.il<:l0.0Is, an(l in<'rease(t to ().05s, ().Is aim 0.Ss; l,tl('s<,valu<'s wcr('

sel(,<:ie<lio cover a large r_t.Iig(+of lliagnitlide. All otlier ]);-/l'alll('i.('l'S w('r(, lefi llllC]l;/llg('(l.

](('s_illilig pr'e<licted vessel |)r('sSlll'(-_.sfor follr <)ftliese six <,]iaraclerislic l.ilil()s _li'(,shown

ill Viglll'e 6. l. l (togc'ther with tile test dat,a). Tal)l(:,s 6. !. 1 ali<[ 6.1.2 ('()llil)ai'(' l lie _l.llIOllllLS

of ];iy(ll'(JgCll gelieral, e(l an<l t)l.lrli(-,(;t, rcsl)eCtiw, ly >iil all six cases COllSi<l('i'e(].

'File niajor trcrl([ visible in these r<_Sllll,sis tliat, witll a.very ]()I1_ cliara('teristic air-
I)orne debris oxida,tioIl l.ime, the overall presslirizat.ioi<l, tlild t)oth 1.lie ]ly(ll'Ogf)ll l)ro(]ll(;l, ioli
and colil[)usl.ioli, are all obviously uudert)re(licted; l.tie Ull(lerl)r(,_(]i('l, ioli is worst in l,hos<'

ca.soswhore significant hydrogen combusl, ion O(WIII'S_ t)ecaus(' lisilig a. ]oil_ cila.ra('l(u'isl.i(,

oxidat, ion tiriie (__ the (:]la.ra,cteristic settling l,inie) reslllts in Stli)sl:a, lii, ia,lly less ]lydrog('li

l)roduce([ and (:OllSequ('nl,ly less [)r(,ssuriT,al,ioli due to coill])tlStiOll of 1,]ial, ]l.')'([l'Og(,ii.

[!sing sliorl, er (:ha.ract,(Mstic airl)orne dei)ris oxidation times (_().ls) gives generally
siliiilar reslill, s because, in all tliese cases l,]ie oxi(lal, iOli is <g('li(:l'ai])' Iiiliil,<,<l I:)y t.h<,avail-
ability of oxygen and/or stea.m. The a.lllOUllt of l)re-existing, oxygell varies frolll lest to
test, as does tile alilounl: and timing of i,]l(' s|,eall-I ilijectcd witli tll(; lll<,ll, dcl)ris. 'Fli('

oc('a.siolla/ Sllia.][, rlon-ll-lOllol, oilic C]IIi.IIg(_S SCCIi il-i l)r('ssilrizaliori all([ ]lydl'ogC, ll [)i'o(]il('-

l,ioli and <:ollll)usl.ioli for tlie shorlest oxi(ia.tioli chara('terist, ic tillie values for SOlll(; ()f 1,lie

Ix, sl.s (for <.,xa.Iilp[(_, ca lcllla.ted [ly(ll'Og(_n [)ro(llletiOll for l l';'l'-4 g()illg II l) frolli 7,l;Iglil-lliOl(,s

with To.,.--0.02,Ssto 24.'lgni-l_loles with Vo:_=().01st)ul, l,]i('ll drol)l)ilig to 7,1()_lil-lilO[('s wil, ll
ro.,._0.005s) are t,he result of iiil.eract.iolis between (Jifferelil, iliitial ()xy_('ll illv(,nlories, <lif-

f<'relll, sl('aill flows aii(l <liff('relll. oxidal;i()n rates <;ausing localize<l sl.('alll-sla.rva.l,i(m alid/<)r
oxyg,eli-slarva.l, ion I,o ()('('ilr a,t slightly (ti(f(_relll, fillies ill t]l(" ([ilf(U'elil, ('oiil:r()] V()liilll('S.
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Table 6.1.1. ttydrogen Generation for the SNL/IET Experiments - Airborne Debris

Oxidation Characteristic Time Sensitivity Study

Experiment Hydrogen Produced (gm-moles)
Datat MELCOR_:

Tox "-"

0.005s 0.01s 0.025s 0.05s 0.1s 0.5s

IET-1 233 271/251 280/261 286/266 286/266 281/261 200/181
IET-1R 248 252/254 260/262 266/267 261/262 260/260 175/181

lET-3 227 229/351 232/352 232/352 229/338 222/324 110/193

IET-4 303 240/362 244/365 243/361 243/352 230/334 108/192

IET-5 319 237/313 238/314 240/313 237/305 232/297 131/183
IET-6 319 228/350 234/356 236/354 233/341 224/325 109/192

IET-7 274 221/345 228/350 229/351 223/337 216/320 107/190

tfrom gas grab bottle samples at 30rain

:_(actual values at 20s)/(assuming only steam/metal reactions)

Table 6.1.2. Hydrogen Combustion for the SNL/IET Experiments- Airborne Debris

Oxidation Characteristic Time Sensitivity Study

Experiment Hydrogen Burned (gin-moles)
Datat MELCOR_t

Tox --

0.005s O.01s 0.025s 0.05s 0.1s 0.5s

m'r-1 3 0/4 0/4 0/4 0/4 0/4 0/4
IET-1R ll 0/28 0/28 0/28 0/28 0/28 0/28

IET-3 190 185/311. 187/312 188/313 183/298 180/286 95/181
IET-4 240 208/333 21.1/335 209/332 208/322 199/308 96/183

IET-5 53 0/95 0/95 0/91 0/87 0/82 0/63

IET-6 345 177/305 183/311 182/307 178/293 173/280 84/1.73
IET-7 323 216/344 222/3,t9 223/350 217/335 209/318 100/189

tfrom gas grab bottle samples at 30rain

:[:(actual values at 20s)/(assuming only steam/metal rea,ctions)
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The characteristic airborne debris oxidation times assumed have very little overall

effect on the subcompartment temperatures predicted, as illustrated in Figure 6.1.2,

because most of the oxygen initially in the subcompartments is depleted by the time the

calculated subcompartment temperature peaks at _ls and the chemical energy released

by metal-steam reaction is relatively small. Note, however, that there is a small increase

in subcompartment temperatures visible early in the HPME transient (t_<0.5s) with

decreasing characteristic airborne debris oxidation times, when metal-oxygen reaction is
calculated to occur.

6.2 Airborne Debris Heat Transfer Characteristic Time

Tile reference analyses discussed in Section 4 used a user-input characteristic time

of 0.40s for heat transfer between airborne debris and the adjacent control volume at-

mospheres. (The heat transfer between settled debris and the heat structure surface

it settles onto is controlled by a separate heat transfer coefficient, controllaMe through

sensitivity coefficient input.) In a sensitivity study, this airborne debris characteristic

heat, transfer time was reduced to 0.05s, 0.1s and 0.2,%, and increased to 0.Ss mid ls. All

other parameters were left unchanged.

Figure 6.2.1 shows pressures in the vessel predicted using several airborne debris

chara, cteristic heat transfer times, together with experiinental data for comparison. As
would be expected, the vessel pressurization increases as the airborne debris characteristic
heat transfer time is shortened.

Tables 6.2.1 and 6.2.2 present the amounts of hydrogen generated and burned, respec-

tively, using the various values of airborne debris characteristic heat transfer tinles. (Test

data estimates of the anaounts of hydrogen produced and burned are included for refer-

ence.) There appears to be a trend of decreasing hydrogen production and combllstion

with increasirlg airborne debris characteristic heat transfer time. Again, the occasional

small non-monotonic changes seen in calculated results for some of the tests (for ex-

ample, calculated hydrogen production for IET-1 increasing with smaller characteristic

heat-transfer times to 286gn>moles with rh_=0.4s then dropping to 284gin-moles with

rht=0.25s but then increasing again to 312gin-moles with rht=0.1s) are the result of in-

teractions between different initial oxygen inventories, different steam flows and different

interaction rates causing localized steam-starvation and/or oxygen-starvation conditions

to occur at slightly differeIlt times in different control volumes.

Figure 6.2.2 gives subcompartment temperatures calculated using several airborne

debris characteristic heat transfer times, together with experimental data. As would

be expected, this variable (together with predicted temperatures in the other control

volumes) is affected most by varying the airborne debris characteristic heat transfer time;

the control volume atmosphere temperatures increase as the airborile debris characteristic
heat transfer time is shortened.
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Figure 6.2.1. Vessel l:'ressur(,s for SNI,/IF, T I:!'+Xl)eri_wmt,s (lsillg Airborne I)el)ris

(',ha+ract, erist, ic l I(+at Tt'ansl'et' Time.,+ of Is (uppet' I('t'L), 0.5s (ttl)l)er

right,), 0.25s (lower' left+)a,t_(l 0. Is (lower right,) Ait'l)orvle l)el)t'is flea+

Trat_sfer C,tlara('tet'ist, ic Tittle Setlsit, ivity St u(ly
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Table 6.2.1. Hydrogen Generation for the SNL/IET Experiments- Airborne Debris

Heat Transfer Characteristic Time Sensitivity Study

Experiment Hydrogen Produced (gin-moles)
Dataf MELCOR:_

rht:

0.05s 0.1s 0.258 0.48 0.5s ls

IET-1 233 316/296 312/292 284/264 286/266 273/252 234/214

IET-1R 248 302/307 299/303 275/280 266/267 252/253 214/214
IET-3 227 254/380 262/385 241/360 232/352 217/341 182/311
IET-4 303 265/393 279/400 248/368 243/361 234/353 195/321

IET-5 319 274/351 279/354 252/32.5 240/313 226/300 189/261
IET-6 319 2:56/382 268/385 249/367 236/354 220/342 186/311

IET-7 274 250/374 2,58/378 232/353 229/351 21.6/337 179/30,5

tfrom gas grab bottle samples at 30rain

_(actual values at 20s)/(assuming only steam/metal reactions)

Table 6.2.2. Hydrogen Combustion for the SNL/IET Experiments- Airborne Debris

Heat Transfer Characteristic Time Sensitivity Study

Experiment Hydrogen Burned (grn-moles)
D_tat MELCOR:_

rht:

0.05s 0.1s 0.25s 0.,ls 0.5s ls

IET-1 3 0/4 0/4 0/4 0/4 0/4 0/4

IET-1R 11 0/28 0/28 0/28 0/28 0/28 0/28
IET-3 190 220/351 227/354 199/322 188/313 174/303 139/273

IET-4 240 241/372 251/376 217/340 209/332 198/322 162/292

IET-5 53 0/95 0/94 0/92 0/91 0/92 0/92
IET-6 345 216/347 218/342 195/319 182/307 1.67/295 135/268
IET-7 323 242/370 2,50/374 226/351 223/350 211./337 175/307

_from gas grab bottle Saml)les at 30min

_(actual values at 20s)/ (assuming only steam/metal reactions)
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6.3 Airborne Debris Settling Characteristic Time

The reference analyses discussed in Section 4 used a range o[' user-input characteristic

times for settling of airborne debris from control volun,e a.tniosl)heres onto asso(:iated

"floor" heat structure surfaces, with the characteristic settling ti,nes g(,I,erally propor-

tional to the control volume height (0.15s in the cavity, 0.35s in the c]lute, 0.25s in the

subcomparttnents and 0.60s in the upper dome). In a sensitivity study, tills airborne (le-

bris characteristic settling time was set to several tixed vallu:s (0.05s, 0.1s, 0.25s, 0.Ss and

Is) and set the same in all control volumes. All other l)arameters w(we left un('hange.d.

Vessel pressures predicted using v_rious values of characteristi(" settlillg times are

t)resented in Figure 6.3.1, together with test data. The effect of increasillg the airborne

debris clJaracteristic settling time is to increase the w'.ssel pressures ('alculatc_d, as would

be expected because it increases the available time for both oxidation and heat transfer
to occur.

Tables 6.3.1 and 6.3.2 summarize the amounts of hydrogen generated ariel burned,

respectively, with the amount of hydrogen both produced and bu riled g('rlerally in('reasi ng

with increasing airborne debris characteristic settliiig times.

Increasing the airborne debris characteristic settling times has the same effect on

the subcompartment temperal, tires i)re(licted as on the overall l)ressllrizatiorl a lid both

Ilydrogen production and combustion, as indicated in Figure 6.3.2. "l'he (:alclllated sub-

COml)artment temperature.s increase with in(:reasing airborne del)ris (,haracl, eristic settling

tinle, due to the longer pe.riods available for heat transDr b('tweel_ airl)orne del)ris a,I_d

atmosl)here to occur in tile subcownpartments. The diIDrell(:e I)(,lweerl cases with aIid

without significmlt hydrogen combustion also irlcreases with iIl(:reasillg airborile debris

characteristic settling time, because using a long characteristic setllirlg time results in

substantially more hydrogen produ(:ed, and consequently more ov('rall l)ressllrization _md

heat_lp (llle to combustion of hydrogen pro(lllced in or (:onve(,t(,.d iIIl,o 111(.,(/oTll(:.

6.4 Deposited Debris Oxidation Characteristic Time

The reference analyses discussed in Se(:tion 4 used a tlser-inl)ut (:llaracteristic tithe

of 600s for oxidation of debris settled onto structures. (Oxidatioll of airborne debris is

controlled by a separate characteristic time, as (liscussed in Sectioll 6.1.) A seIIsitivity

study was done in which this deI)osited-debris (:haracteristic oxi(latioll tinle was reduced

to 10s a.ll(l 60s, and increased to 1800s, to cover a. wide rmlge of mag_il.udes. All other

parmneters were left unchanged.

Figure 6.4.1 shows pressures in the vessel predicted usi_g tl_ese various deposited

debris characteristic oxidation times, together with exl)erinlental data. 'l'lmre is generally

little effect on either the peak or the long-term pressurization a,s the deposited debris
characteristic oxidation time is varied.

Table.s 6.4.1 and 6.4.2 present the amounts of hydrogen generated a_d burned, respec-

tively, in these various cases. Test data estimates of the amo_x_ts of hydrogen produced
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Figure 6.3.1. Vessel Pressures for SNI,/IF/I _ ]'3xperimenls Usi_)g Airl)orne l)ebris

Cha,l'actleristi(: Settling Times ot' 1s (ul>pel. left,), 0.,Ss (Ul)per right,),

0.25s (lower left) a,n(l 0. is (lower right) Aiz'l)orne ])chris Sel, l,ling
(, hara_cterist ic Time 5"e,_s_livity' Study
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Table 6.3.1. Hydrogen Generation for the SNL/IET Experiments - Airborne Debris

Settling Characteristic Time Sensitivity Study

Experiment Hydrogen Produced (gin-moles)

Datat MELCOR_
Tset:

0.05s 0.1s 0.25s 0.5s 1s

IET-1 233 177/161 221/203 295/275 346/325 390/368
IET-1R 248 163/171 206/21.0 294/295 328/331 370/371

IET-3 227 139/245 183/293 242/357 288/405 316/435
IET-4 303 151/25,5 194/306 256/373 305/421 330/449

IET-5 319 146/206 189/256 257/328 294/369 337/413
IET-6 319 144/245 187/300 240/374 293/411 319/437

IET-7 274 138/242 181/293 244/361 281/401 305/429

tfrom gas grab bottle samples at 30rain

:_(actual values at 20s)/(assuming only steam/metal reactions)

Table 6.3.2. Hydrogen Combustion for the SNL/IET Experiments - Airborne Debris
Settling Characteristic Time Sensitivity Study

Experiment Hydrogen Burned (gin-moles)
Datat MELCOR_

Tset :

0.05s 0.1s 0.25s 0.5s ls

IET-1 3 0/4 0/4 0/4 0/4 0/4
IET-1R 11. 0/28 0/28 0/28 0/28 0/28
IET-3 190 104/216 138/254 199/320 248/370 279/403

IET-4 240 118/228 162/278 223/343 274/393 303/425
IET-5 53 0/74 0/82 0/88 0/94 0/97

IET-6 345 100/208 139/258 205/323 246/370 267/391
IET-7 323 136/245 176/294 237/360 274/398 298/427

t_om gas grab bottle s_mples at 30rain
_(actual values at 20s)/(assuming only steam/metalreactions)
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and burned are included for reference. The lotal amount of hydrogen generated increases

as tile characteristic oxidation time for deposited debris is decreased, as would be ex-

pected, because more hydrogen accumulates late in the transient as the debris settled

and/or deposited onto structures continues to oxidize. There is little e[Dct seen on the

amount of hydrogen burned, however, because l,he hydrogen combustion primarily occllrs

early in the transient, on a time scale of a t>w seconds or less.

F'igure 6.4.2 gives subcompartnmnt tenlperatures calculated using various deposited !

debris characteristic oxidation times, together with experinlental data. As wit]l the w'.ssel

pressure shown in Figure 6.4.1, there is generally little efDct on either the peak or the

long-term temperature response as the deposited debris characteristic oxidation time is
varied.

6.5 Deposited Debris Heat Transfer Coefficient

As noted in Section 3.1, the baseca.se MELCOR lET experimmlt analyses were run

with the coefficient for heat transfer from deposited debris to structure surface reduced to

1w/m2-K. This was originally done to avoid temI:)erature iteration convergence problems,

and was not changed when the temperature solution algorithm was improved and made

more robust (as discussed in Section 11). _Ib see what effect this had on our analyses, a

set of calculations were run with that heat transfer coefficient progressively increased to

10w/m2-K, 100w/rn2-K, and 1000w/m2-K (the default value).

Figure 6.5.1 shows pressures in the vessel predicted using t,he different debris-to-

structure heat transfer coefficients, together with experimental data. There is little dif-

ference visible, especially in the early-time peak pressures, with the major difference being

slightly higher late-time pressures for larger debris-to-structure heat transfl-r coeHicients.

Tables 6.,5.1 and 6.5.2 present the amo_lnts ot' hydrogen generated and bllrned, respec-

tively, in these various cases. Test data estimates of the amounts of hydrogen t)roduced

and burned are included for reference. Again, there is very little differellce apparet_t,

especially for heat transfer coefIicient values in the 1-100w/m2-K range, with a slight

increase seen in both hydrogen production and (as a consequence) hydrogell COlllbllstion

for the default value of 1000w/m2-K.

Figure 6.5.2 gives subcompartment temperatures calculated using variolls debris-to-

structure heat transfer coel:[icients, together wil,h exl)erilnental data. As foulld for the

pressure comparison presented in Figure 6.5.1, there is little difDrence visible, especially

in the early-time peak tempera.tures, with the ma.jor difDrence being slightly hig}ler late-

time temperatures for larger debris-to-structure lma.l, transfer coeHicie_ts.
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Table 6.4.1. Hydrogen Generation for the SNL/IET Experiments- Deposited Debris

Oxidation Characteristic Time Sensitivity Study

Experiment |Iydrogen Produced (gin-moles)
Datai MELCOR_t

7"t18- oz -"

10s 60s 600s 1800s

IET-1 233 472/403 354/301 286/266 281/264

IET-IR 248 436/386 332/294 266/267 261/265
IET-3 227 288/479 235/388 232/352 235/351

IET-4 303 288/-t81 249/396 243/361 246/361

IET-5 319 365/423 2,50/334 240/313 240/310

IET-6 319 284/479 241/389 236/354 235/350

IET-7 274 283/474 233/385 229/351 225/344

ffrom gas grab bottle samples at 30rain
:_(actual values at 20s)/(assuming only steam/metal reactions)

Table 6.4.2. Hydrogen Combustion for the SNL/IET Experiments Deposited

Debris Oxidation Characteristic Time Sensitivity Study

Experiment Hydrogen Burned (gin-moles)
Dataf MELCOR:_

7"ItS- ox "-

lOs 60s 600s 1800s
l

IET-1 3 0/4 0/4 0/4 0/4
IET-1R ll 0/28 0/28 0/28 0/28

IET-3 190 199/411 188/348 188/313 190/311

IET-4 240 223/434 210/366 209/332 211/330
IET-5 53 0/130 0/112 0/91 0/89

IET-6 345 191/407 182/341 182/307 180/301

IET-7 323 263/476 225/385 223/350 220/343

ffrom gas grab. bottle samples at 30rain

:[:(actual values at 20s)/(assuming only steam/metal reactions)
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Table 6.5.1. llydrogen Generation for the SNI_/II';'I _ l"_xpcrimenl, s l)eposited Debris

Hea,t 'h'ansfer Coefficient Sensitivity Sl,lldy

Experi men t ltyd rogen 1_rod u ted (gin- Inoles)
[)at at MEI,CO 1{{

It 7'(:t_,i)1- Hs =

Iw/rn 2-K l 0w/rn 2.K 100w/m2- K 1000w/rrz2 K

II!;T- 1 233 28(i/266 284/264 287/273 307/294
lET- 11/ 248 266/267 P6fi/266 266/270 286/296 i

IET-3 227 232/352 231/350 2"/4/351 252/347

IFI'-4 303 243/361 247/364 2,'18/3¢il 264/353

It!;T-5 319 240/313 242/;11:i 243/319 260/337
Ili;T-fi 319 236/3.54 2"17/3,55 239/353 256/348

IET-7 274 229/351 230/350 230/347 246/342
'ffrorn gas grab bottle samples at 30rain

:l:(actual values at 20s)/ (assunling only stealn/metal reactions)

Table 6.5.2. Itydrogen Combustioll for the SNL/II'2T l;;xl)erirllellts l)cl)osit,ed

Debris Heat Transfi_r (;o(_fiicient Sensitivity Stlldy

Experimenl, llydrogen Burnc'd (gnl-moles)
l) al,a_" M FI.,C0 l_,:_

tl 7'C',._,z)t- HS =

lw/m2-K 10w/m2-K 100w/rn2-K 1000w/_,_-K

lET- 1 3 0 / 4 0/,1 0 / 4 0/.i
It_2T-1R 11 0/28 0/28 0/28 0/28
II_;T-3 190 188/313 186/31(/ 193/315 220/327
IET-4 240 209/332 211/333 215/333 235/339

IET-5 53 0/91 0/90 0IS9 0/SS

IET-6 345 182/307 182/307 187/307 211/317

II:;T-7 323 223/350 224/349 222/344 231/339

'ffrom gas grab bottle sarnples at 30min
:]:(actual values at 20s)/(assuming only stearrl/metal reactions)
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7 Other Modelling Studies

Ill addition to the sellsitivity slaldies on user-input paraaneters coill, rollizlg tlw. initial

(lobris source a.tl(l l,he subsequent, (tebris interaction, respectively, ill Ill(' llew MF, I,COI{_

high-pressllr('_ Inell, ejection nlodel in MEI,C, OIr{, presetltcd in Sections 5 and 6, sevt'ra, l

otller non-defalllt i111)ut modelling ctla,riges illvolving otller MEI,(',()I{ co(le pa,ckagcs were

reqllired ill our 11!71'a,ssessment a,nalyses, a.s a,lready discusse(t in Section 3. I. 'l']lis sccl, ion

presents 1,lie stlldies whose restdts demonstral, e the need for those lion-default input
yllodelling clla llges.

7.1 Hydrogen Combustion

As (lescri/)(:d in Sect, loll 3. l, in the ma,jority of our IF,rl' a,nzdysis ca l('lllal, ions, the

I)l|rll t)acl,:agc was activa.ted, tlow(,vcr, burns w(',re Sul)pr('ss(_d ilJ all colltrol volu_ncs

<'x(r('l)t tile vcss(,1 dolne; this was t)_ts<.'<lul)on i,Ii(; experinl<,lll,a/ <)bserva.l,ion t.lla,t, a .iet of

ll.y(lrog(,n I)r()(luc(_d by sl,emn blowdowll and d('bris oxidation I)urll(_(l as it v(:llt(:(l ['roln

l,lle sul)(,o,lll)arl, llwul;s i,o the Ul)l:)(_w(Iolne. 'I't1(: (lefatlll, igllil, ioTI cril,('rioll ill tile a,I)s(,,llcc

of iglliters was set to a lly(lrogell nl()lc t'ra.clioll of 0.0, I)llt:, th(' coIllbusti()n C,OIIIl)l('t('lless

was also set to 0.0; (,his pr(;ve_ll,s (,lie I)_rnirlg of a11,yt)re-('xisi, illg ]_y(Irog('_, I)lll, a,llows

l)urllil_g Of ally a.d(lil;io_lal hy(lrog('ll g(')_erttl,ed (luri1_g t,lw III)MI';. 'l'llis was Ims(,d _i)on

tile ('Xl)(,ril_enl,a/ol)scrva, l,ion thai, th(" pr(,-('xistillg l_y(lr()g(,ll l,t_al, t)url_(:d (lid not i)_rll ()I_

a l,ilne scale 1,tla,l, t_a,(l a, sigllifi(:a,lll, i1_l)a,(:t ()_l 1,h(' peak l)r('ss_lrc [15, 16]. 'l'llis i)a,rl,icllla, r

(:()lnbi_lal, i,.)l_ ()1"illt)ul, was foull(I I,o i)rodllc(, rcasonab](, a.gr(,(,llm1_l, wil]l l('st (lal,a ill all
Cg'/S('S.

_I_()eval_lal(, t[lis i111)ul,s(,le,('l,io1_,sellsil, ivity sl,l_(:lies_lsi_lg ()l,l_(,r l)()ssi})l(, iltl)tll, s('l,l,illgs

w(,r(' (Iol_(,. Sets o[' ('alculal, ions wer(, (1()I1(',wil,h t,llc l)_lrli l)acl,:ag(, illa('livat(,d; wil,]l l;l_('

])llrrl 1)a.(,ka.ge acllive t)_ll, all (l(,l'allll, illl)Ut Ilse(l; wil,]l 1,1/('(l('l'ault; h.y(ir()g('_l-l_,()l('-fractioli

igl_il,ion ('ril(,rioll ilt 1,l_e absen(:e of igniters and tile (-:olnbusl, ion colnl)l('t('ll(;ss t)o1,1_set to

0.0, but l)_lr1_all()w(_'(li11all conl, ro] volullles; a,lld with l,he (lefa,l_ll, I_y(lrog('_l-_nol(_-fracl, ion

ignil,ioll cril,erioll iI_ tile al)s(;n(:c of ig1_il,ers set I,o 0.0 I)tlt tile (:Olllt)tlSl,iol_ (,o_l_pl('l,('ness

('il.her cal(,ulal.('(l fron_ l;hc dct'atllt correlal,ioi_ or set t() 1.0 (wit]l l)_I"I_sul)pr(,ss(,(! in a.ll
(:onl,rol volul_es ('x('(:'l)t l l_e vess(,l (lonle).

'l'lt(' pr(,(li(,l,('(1 v('sscl l)ressures arc l)r(,s(:+nl,('(lil_ l+'igut'(, 7.1.1 for sore(, of l,ll(, l_y(lrog(+ll

(,oml)usl, ion stu(li('s. 'l'abl('s 7.1.1 a,l_(t7.1.2 ('Oml)ar(, I,t_(' alnol, ll_t,s o[ l_y(lrog('t_ gcil(,ra.l,(,d

and ])t_rll('d, r('sl)(,('l,ively , in all these va.rious cases. ,";Ul)COl111)arl,l_lclll, l,(,inl)era.l,_lr(,s (:orr('-

spoil(ling to tile pressures shown i_l Figure 7.1.1 are giv(:'l_ill Figur(, 7.1.2. (EXl)criln('lfl;a/

(la.l,a a.re i_l('lu(l('d for refcrellce.)

TII(' ('alc_lletl,ions done witt_ the burn package ina.cl,iv(-fl,(,(1a,1_(:lwilll 1,h(_I)ur_ l>a.ckage

a,(:tiv(_ but all default, inpul, used I)rodu(:e(l i(lclll,i('a.I rcsull,s; 11o hy(lrog(_1_ (,o11_busl,io|l

occurred ('yell wit,ll l,h(_ I)urll package a('l, ivatcd I)ccaus(_ l,t_(,hy(lrog('ll a,n(! oxyg(,_ 1_()l("

fracl,ioli collcclll.rations precluded ignil,ioll.
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Table 7.1.1. Hydrogen Generation for the SNL/IET Experiments - Hydrogen
Combustion Sensitivity Study

Experiment Hydrogen Produced (gm-moles)
Datai MELCOR+

no-burn def-burn burn in dome only burn in dome only burn in all vol burn in dome only
with C'C=O with default CC with CC=O with CC= 1

IET-1 23:3 286/266 286/266 286/266 286/266 286/266 218/199

IET-1R 248 266/267 266/267 266/267 266/267 266/267 200/203
IET-3 227 233/342 233/342 232/352 232/352 242/350 162/291
IET--1 303 247/351 247/351 243/361 24:3/:361 256/370 177/307

IET-5 319 240/313 240/313 240/313 240/313 240/313 172/249

IET-6 319 2:38/:344 238/344 236/354 2:36/354 240/351 170/300
IET-7 274 230/336 230/336 229/351 229/351 230/348 167/295

tfrom gas grab bottle samples at 30rain

_(actual values at 208)/(assuming only steam/metal reactions

Table 7.1.2. Hydrogen Combustion for the SNL/IET Experiments - Hydrogen
Combustion Sensitivity Study"

Experiment ttydrogen Burned (gm-moles)
DatM MELCOR._

no-burn def-burn burn in dome only burn in dome only burn in all vol burn in dome only
with C('=O with default CC with ('C=O with CC=I

IET-1 3 0/4 0/4 0/4 0/4 0/4 0/4
IET-1R 11 0/28 0/28 0/28 0/28 0/28 0/28

IET-3 190 0/126 0/126 188/:313 188/313 208/321 158/291
IET-4 240 0/123 0/123 209/332 209/332 232/350 174/307

IET-5 .53 0/91 0/91 0/91 0/91 0/91 0/92
IET-6 345 0/126 0/126 1_q2/:307 182/307 215/328 350/471

lET-7 32:3 0/125 0/125 22:3/350 229/3.50 239/357 452/567
ffrom gas grab bottle samples at 30min

$(actual values at 208)/(assuming only steam/metal reactions
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'Fhe hydrogen colnbustio_l bellavior predicted using det'alllt t)unl package inpul is

clearly qualitatively diff(.'rent t,lla,n observed i1_ these experiments. It was ot)viotis from

(,he test restllts that the hydrogen mole ['ra,ctioll igllition crit(wion had to be reset (,o ,-,0,

at least dllring the I)CIt period. It a,ppeare(l from the SNL/IET-5 test resll]ts tllat, the

steanl and CO2 mole fracl, ion limits for inerting volumes did ilot rleed to be changed,

and t]le1"e was I1O (:lear indica, tion from the test data whetller l.]le oxygen mole fractiorl

ignition criterion had to be a,ll;ered (so it wasn't).

The results obtained with the conibustion completeness set to 0 and with tile default

combustio_l colnpleteness correlation used were identica, l. This is because in tllese prob-

lems the I,e(Jhatelier formula is simply tlle hydrogen lllole fraction (becallse xco = 0.0)
L((_hatelier formlllaand, with (,he hydrogen mole fraction ignition limit reset to 0.0, the '"

at the b-ginning of the burn (YMAX) is also 0.0, and the defa, ult correlal, ion used in

MF,LCO|:( giw's combusti(m completeness CC=0.0 for }'_vt,4x _< 0.03746. Note tha,t a

combustion completeness equal to 0.0 does not mean no combustion; instead, it tries to

maintain the mole fractions after the burn to be equal to the mole fractions before, so that

llew hydrogen introduced during a time sl,el) , either by oxidation or by advectioll, will

be burned but pre-existing hydrogen will remain present a._ld generally unreacted. This

agrees mucll better with experimental data tllan ttle results obtairled using a combus-

tioll conlpleteness ot'1.0, which l)roduces much higher vessel pressurization and hy(trogen

combustion in the tests with pre-existing hydrogen t,hml observed in the experimerlts.

7.2 Heat Transfer to Structures

As discussed in Section 3.1, rnost of our calculations were run with control voluIne

flow areas reduc(',d by factors of _>10 from their default values, to enhance convect;ive heat

transfer from the control volulne atmosl)ll_ e':,l(:s'' to the heat strlmture sllrfaces. (Recall that

the control w)lu1_le f-low area is used only to calculate the velocities 11sed in convectiwe

heal, trallsfer (;orrelations, and thus (|ecreasing tile volume flow area is a sinq)le a,i_d direct

way of multiplying volume flow velocities; these studies did not change flow path areas
'e "1'_ done for two reasons:or v 1()(_ ,_es.) This was

I'_rs, the flow through the svstem in these calculations was primarily that associated

with tl_e steam blowdown only, flowing from the stean_ a,ccu_mlator thro_gh the cav-

il v,.and chute volumes to the s_bcompartn_ents and tl_e_ to the don_e:. 'Fl_e MEIX',Ot{

FD1/HP /IL/I) II model does not model transport of debris bel, we(m and through vol

e '" ' directly at its ultimate destinatio_l, _si_g the stone_nes but instead d posits the debris

(' '" all w)l_mes regardless of their distall(,e fron_ the debrisl,in_c-d(1)"" , e:nclei_l,- l(1)osttion in .....

source. In reality, the melt reaches the subcon_partments later than the cavity, and the

dome later l,llan the subcompart_nents, t n _,.',instead of debris t)eing transporte.d i_to an

"upstrea_n" volume (e.g., the cavity or the subcon-_partments) with l,l_e I)lowdown steam

and the resultanl, additional t_eating adding to the driving force l:)ushing flow further

"downstream" (e.,q., from the cavity to the chute or the subcon]partments to the dome),

tl_e MEI,COI{, logic does not represent this additiona,l flow driving force and in co_ltrast

has debris appearing "'l_pst,ream" and healing tt_e a.tn_o.sl)h(,le'" in upstream volumes, if
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anything colltributing a rct_rding force to the ex.Iwcled..... flow 'l'lllls tll_' oIlly [lows gcn

eral;ed ill 1.h_.s..,'e MI,I,(,ORi'' a,na,lys_,"• . , ,s were l,Ilose a,ssocial,ed wil,ll Ille sl,ea111 a.cc!lilltllator

blowdowll, _, rclt, tiw,ly l)eilign ewml, colill)a.red 1,o higll-l)resslire lllell, e.iecl, ioll wit,]l IIof

debris lnixed wil, h the blowdown stea.nl (a,s ca,li i)e,(:_.lis,, froln the l'elal, iw, collll'iI)lll, ioIIs

1,o W-_ssell)l .ss. "_.... urizal, ioll given in labia. 4.,'1).

l)ecreasiilg volllme t]ow a.rea,s resllil, s ill ilicreascd volullle velocities lllore chai'acl,eris-

l.ic of I,]1_'turl)llle.nl, conditions l,hal, lnight, l)e ex )ecled _lurillg l IPM E, an_! l,lle associa.l.e(lt . , ,.,

l,llrl)ulcIll, forced coilvecl, ion tle_tl, tra, iisfer 1,osl,r,ictures. For tlic sut)cotllt)a, rl,llmlll, colll, ro]

volullie, iri pa.rticula, r, il, also reflecl,s l,he fa.cl, 1,]la,t,l,]lcre, is liol; a siilgle, lai'gc, ol_ell sul>

conll_a, rtll_enl, volume irl the Surl, sey f_cilil,y bul, insl,ead a, collecl,ioll of sut)conll)arl, llletll,s ,

each witll slllaller volume alld inl,ernal flow a,rea a,nd wil, ti smaller-area, ol)erliTigs collnect,-

ing t,he subcon,,pl.trln_ent, s i;o each otlier a,nd to l,heck, nm. '1'hlls, a. (defallll,) volunle flow

area of k4..Sin 2 obl, a,irled using tile slll)conlpa, rl;lnerll, volunlc of ,:1.65111:_ a,nd a [leiglll, of

>1 ill ll'lay liol, t)e irldic,_tive of tlie acl,ua] velocil, ics in l,he su|)coinl)ai'l, nlcill,s.

i' , " 1 ('In addii, ion, iihe MI,LCO|{ FI)IIIIPMI,I ) ,H nlodel does 11oi,acCOulil, ['or aiiy radi-

a,tioli directly from a,irl)orne debris to sllrroundilig, sl, rilctures (or frolli _h'l_osii.<_ddebris
"'e" ' e" ca,lcllla.l,_, t a,l,lllospll(q'e-sl, rilcl, llrf_ radia.l,iolldli (.tl) i,o a.l,lllosphore). Tli :Ic. is litt, le or 11o " '(

tieat l;ra.nsfer ca,rly in these l,ra,llsienl,s (except ili I1';'I'-5), l:mca.llsc MI';I,('()|{ only corl-
siders radia,l, ion heal; l,r&llSfC.l"foF st, ca.ill a.nd/or (:,()._ ill a.l,lllOSi)ilCl'(,s. Ill lET-5, SOlil('

al,illosplicre-sl, riicl, ure radial, ion boa.l, 1,r&nsfer is calculat.e(I IJecalise o[" liie large aillOlilll.
of ("()2 lls'ed 1,Oinerl, t,lie ,._),s;SI(_III,,. ' lioweww, in lllost of the cxl)crilllOlll, siInllla.l,ioils l.liere
is _,er3' lil.tie sl,e_lli l)resollI, early ill l,he l,ra.lisienl,> t)eca.usc _uiy I)lowdowrl st,earli is COli-

slin:ied ill debris oxidatioli sooli afi;er arrival, a.iid very little (',()._, i)rcsclll, a,l, all. Tile
la,ck of sl,eaIll arid/or C,O2 in 1,heal,nlospll(-,re would ir miyl, hing elliia.ilc.e ra(lial, lOll ileal,
l,ralisfer frOlll a.irl)orne debris i,o S|,l'tlcl,tlr(-'s I>eca.uset,here wollld l_("lit.tie al_sorl)l,ioli ill i=lle
il:li,e'rveIiillg; a.l,lliospllerc. [liecause l,her(:, is I1Ow,a.yill MI,I,(.OI/, to model l.tiis ¢ql'¢,(:l.,1.oo

IIIUC]I ('llOl'<gV,, l/l&y, be deposil.ed iii the a,l.lllO,_"- sl)hei(."' by i,tie a.irl)orll(" del)ris; l)C(.'a.llS(" l,here

is I1OCOllVelli(:'lll, way 1,o(:'llh_l.llC(:'a.l,l_lOs])ll_Ic-,"''"SI.I'IICI,III'(_,l'adla.l,ioli heal. l.l'allSl'(q' ill g('l/()l'_-l]>

we relied on irici"ea, siilg convective heal, l.ralisfcr irisi.ead I,o hell) reliiOVe i,lla.i, ('ii+,i'gy.

Figllre 7.2. ] l)resenl;s the liea,l, 1.ransfer coef[i(,ielil,s ca.l('ula,l,ed for 1,]l('Slli)COllll)arl,lllClil,

wall Sl;l'll('l,tll'f" illller surface |)y. MI;;I,C, OIL witli I1Oa,dju,sl_lll(ill,' 1,O VO]IlIII(' flow ai'cas or I,o
overall heal, l, rallsf(:'r; i,liis lieal, l,r&llSftq"coefticienl, S/ltllS I)ol,h l,tic COliVf,cl.ive a.lld radial, iw.'

l,erllls, l)ill'irlg the firsi, <s"c(ond,the }leal, l,l'a,llSf(H"coellricieni, is ill l.ll(, _5-25w/i112- I{ l'a.llgO
- -p_ _ = _ _(excel)l, for II.,.l.-,)) mid (excel:)l, for ll, l-o) is d_u.,1)rirlqarily I,o convective Ileal l,i'ailsl'l._r.

l lie la,rger heat, l.l'&lisfer coetTficienl,s in li,i-<) a,lld a,fl,er _ls for l.lle otll<'r l,esl, sirtulia,l, iOliS

(wlieli sl,ea.ril is no longer I)cing (on,"stilncd' ill debris oxidai, ioll a.iid a.sigliificalli, slcaili lliole

fI'acl,ion a.ppea.rs) are due t,o 1,hea.dditioli of a, radia.t,ion l,Ol'lll (,(lliiva.l(,lll. I.o _,50w/I112-|{,
wliicll l,]len drops in llqa,gil]t,tlde _-i.sl,he atrnospli('.r(:" 1,(,ll-l|)el'a,l,tlr_, (lrol)S.

The ra,diation heal. tra.nsfer coefficienl; for ali elilissivit,y of 0.8 alid a. wall i,cilil)ci'a,-

l,_re ot" 3001`{ wa,s est, imai,'<':.d[3:1] 1,o be ,_,65w/ni'2-l( for an a.l,_Osl)l_ere l e_nl)era.l,_rc ol"

1000I{ a.lid _,,125w/n12-K for a.li a.l,irlosphei:e al, 20001'{, ill reasoilal)le agrcellielil, wil, li l.]le
MI,I,(,OII':" va,]ue giveii the effect of gas COlllporionl,s ol,]ier l,]laii sl,ealn and (!O 2 I)i'(,s('iil,.

_°_,However, spread sheel, ca.lcula.l,ions [3,1] suggesl, l,ha,l, I'orccd coilvocl.ioii liea.l, l.ra, ll, {(l CO-
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efliciellts should be in the ,-_50-125w/m2-K range for conditions clia.ra,cl;eris(,ic of the

su})comparl, menl, s in the SNL/IET experiments tlear the time of peak temperature and

pressure. 'l']tis is significantly higher than (,lie convective hea,t transDr coefficients cal-

culated ill MEI, COR with no volume flow area or characteristic velocity adjustment.

(Similarly, the convective heal, transfer coe[t:icient given by MI!'I,COR |k)r the cavity and

chllte is in the 20-250w/n?-K range, while spread sheet calculations [a4]suggest that

forced convecl, ion heat, tra, nsfer coefficients should be in the _-,6000-1500w/m2-K range

for conditions characte.ristic of the cavity i_l the SNL/IET experiments near (;he time of
peak 1;e)nperature and pressure.)

Other han(l calculations [35] showed tlla,t the effe(;l;iw', llea,t transfer coet-[icienl, for

direct, radial, ion from airborne debris in the subcomparl, ments to (,he structure walls (an

efD(:t not modelle(l by MELCOI{) could t)e of the order 0.2/Rd, where/_d is (,he debris

parl, icle radius. This assumes a debris (,emperature of 2300K,a wa.ll temperature of 300K,
and an emissivity of 1, and also assumes tllal, the airborne debris particles occupy negli-

gible volllme so that, the radial,ion view facl, or from (,he a.irborlle debris (,o the walls is ,-_1.

Posl;l,esl, sieve analysis of debris recovered from oul,sidc l,]le subcomparl;ment structures

in SNI,/IET-6 [1,5] shows (lia._eters ranging from 0.0.5_)_m 1,o 10ram; for 10n_m-(lian)ete.r
debris l)arl, i('les, the effecl, ive heat transfer coeflicie)ll, for radiation to struci;ures would

I)e ,-,20w/nl2-K, while for 0.1In)n-(liallmter debris pari, icles, the effecl, ive. heal, tra_lst'er

co('t_[i(:ient for radial.ion to structures wolll(l be _2,0()0w/n12-K. This could (ill(:reI'ore be

a sigllificanl, heal, transfer meclm, nism, early in the (,ra,nsient, l{ecause there is _o way il_

M I:;I,COI{ (,o nlodel this effect, 1,oo nmctl eimrgy may be deposite.d in (,he atlnosphere by

the airboriie debris; I>ecause l,]lere is no convenient way to enhance al,inospllerc'-sl, ruci, ure

ra,diai, ion heat i ransh'r in gelleral, we relied on increa,sing collveci, ive heal, (,rallsh:r insl,ead

to ]lelp relIiove tllal, elmrgy.

'1'o eva.luale the effect of ]mat transDr to (,he sl,rucl, ures, a, set of sensil, ivity calcu-
la.l,i(ms were done wit]l tim default volun_e flow areas and with l,l_e volu_ne flow areas

progressiwqy red,Iced by factors of 10, 100 aa_d 1000. l"igure 7.2.2 prese_l;s l;he resulti)_g

al,_)lospl_ere-t,o-sl, ructure [_e_l, transfer coef[icie.nl;s for l,he su])co_nl)art)ne_l,s. Note that,

while ¢lecreasii_g the voluri_e flow area by a giw_n factor increases tt_e volume velocity by

i.l_al, sa,)_m factor, i,he heal: tra, nsfer coeft:icien(, does not change by the sa,nm fa,cl,or, tmi;h

because (:lla_lgi_g i,he velocity can cha_ge l,he hea,l, transfer _o(te and h(_)lce the correla-

(,io)_ _sed a)_d because _nos(, of the correlatiorls depend on (,he w_locity (,o a power (v °'8

for l,t_rl)_lenl; forced convectioil, v°'s for la_ni)lar forced co_lw,ct, ion and v°':_:_or v°'2a for

i_a.l,_ral co_lw,cl.io)_). Thus, i)_creasing defat'lt volume a,reas by 10 increased subcomparl,-

mc)ll, a.l,mospl_ere-l,o-sl, rucl, ure convecl, iw_ h('al, transfer coefficients by _<10 bul>i l_creasi_g

defat_ll, w)lu)_m areas by 100 only incre_sed conwmtiw'_ heal, l,ransfcr coetlicienl, s by ,-_50

and increasing i)_creasi)_g defaul(, w)lu_ne areas l)y 1000 only increased convective heal,

transfer coef[icielits by ,--2.50.

llesull, ilig l)redicted w, ssel presslires wit.ll the defaul(, volu)ile flow areas and with
I

(,lie vollllne flow areas progressively redliced by l'aci,ors of 10, 100 aild 1000 are sllowll

in l"igllre 7.2.3, togetlier willl tlie test dal,a. The efh,cl, of ilicreasing volulile velocil.ies
a)Id i,llerefore i)icrcasiilg ov(,rall heal, (ra,_isf('r (,o structures is to reduce (,he overa, ll v('ssel
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pressuriza,tion calcula, ted.

Ta,bles 7.2.1 and 7.2.2 coInpa,re the a,nlounts of IGdrogen genera,ted aml burned, re-

sl)ectively, in these va,rious (:a,ses. While t,lle trelld is not a,s si,rotlg a,s l,ha, t seen ill l,hc

vessel t-)ressllre responses, slightly lllore tlydrogen genera,l, ion is calcula,l,e(! a,s l,he heat

tra, llsI'er to sl;rucl, ures is incwa,scd ill most ca,ses; l,hc hydrogcll COI_lt)llsl,iou wzries a,s the

hydrogen production, so incr(:;a.sing l)roduction l;en(ls t,o increa,se comt)llslion also.

'I'lle volumea,reas alid velocil, i('_stla,v('_a very sl,rollg eil'('(:l, on tile (,(,llll)er__l.u)'(,sf)rc -

dici, ed, a,sillustra(,ed in Fiour'o. e, 7.2.,] for (,he sut)co)nl)a,rt|nenI, s. 'l'tl(' (:a,lcula,i,ed i,(,nlt)cra,-
tllres a,re much higller ttla,n mcasu.red Ilsing the (let'a_ul(,volulue flow a,r('as a,nd v(',l(,cil,i(,s or
using volume flow a,rea.sa.nd velo(:il,ies decrea,se¢la,I_diucrea,sed t)y a,ll order ot"magnitude,

resl)e(:tiw;ly; in('reasirlg l,ll(' volunl(_ velocities (redu(:illg l,lle d(,t'allll, volun,:, flow a,rca.s)/)y
1000 produces sigllificantly lower l,ernl)eral,_lrc's tharl tllea,slJred ill l_tl(' sut)colnl)a, rtnlelll,s.

Tt_ese changes ill al,lUOsl)here l,el_ll)cral,ures a,re a, (lire('t r('snll, of (:llallgi_lg Ileal, tra,nst'er
from ai,lllOsl)l_ere 1,o,'-;l,r_lcl,ures, a,s wo.ld 1)(,CXl)e(:ted.

7.3 Recirculation Flow

'1'1_("int)_lt, ,_o(lel i_! our MI',_I_(',()I( a._a,lys(,s I)r(,vi(l('(! /Iow I)a.ttl,'-;for ,'-;l.ra,igllt_-l,l:ro_gl_
Ilow l'ro_l_1,1_('sl,('a._ a,(,(:_l_lla, l,or to I,t_("('a,vil,y all(l ('i_I.(' l.l_ro_gtl l.lle (l_l_l)('(l-l,og('l, ll('r)

,'.;ttl:)('ot_l)a.rt.n_(,t_i,si.o t,he v(,ss(.1(lot_(', al_(! a/m()for r(,('it'(:ttlal, iol_ fron_ ill(' ttl)l)(,r (toltl(' to
l,l_e s_l)(:ot][_l:)artI_(:_ttls. 'l'l_al, "r('(,ir('ulal, iol_" flow l)atl_ was i)rovi(l(,(I to a,llow t'or tl_(' I'a('l,
l,l_a,t,il_ t,lle a,(,tttal fa('ilil,y a n_l_l_l)('r of ()l)ellillg,,-; exist h(,lw(,ell 1.1_('vari()tls .'-;_h(:ol_ll)a,rt,-

l_(!mt.,'-;a_l(l tl_(, v('s.'-;(,l(loln(', witl_ 1t1('l)()t('l_t,ial ot" il_tl()w il_ s(._.' Ol)('llit_gs atl(! ()Ill.flow
ill ()tl_ers. '!'11('a,l'(_*aof tidal r('('ir('_llal, i()l_ flow i)attl was set I.o 10% ot' 1,t1('area ot" 1,1_('

sl,raigl_t-tllro_lgt_ tlow l)atll t'ro__ 1,11(','.;_ll)(:ol_ll)arll_(._lts 1,()th(' (to_1('. S('llsil.ivil,y sl,_l(ti(,s
were doll(" witt_ tllat r(,('ir('_lal,ioi_ flow l)atl_ area. il_('r(,as('(l a,l_(I(l('('r('_,s('(I I)y a t'a(,t()r ()1"

10 (i.,':., s,_'l,(,(l_al t() ill(" area of th(" straighl-l, llro_,gll flow l)al, l_ t'r()ll_ 1,11(','-;_l)(:ortll)arl-

u_enls I,o tile (1oi_1(',a,l_(Is(,l, l,() I(Z, ot"1,11(,ar(,a ot' ill(, sl,ra,iglll,-thro_lgl_ il()w I)al,ll fr()__ I,I1('
,'-;_b(:ol_l)arl,l_(_nl,'..;Io tl_(' (Iol__(,), all(l _-_ls()sil_l)ly set t() zero.

l;'ig_r(, 7.:{.1 stlows l)r('ss_r(','.; i_l I,l_(, v(,s,,-;(,II)r(,(li(,t('(I _sillg va,ri()_s r(,(:ir('_latioll II(_w

l)a,l,tl awa,s (i_l_:l_l(lil_g a z(,r()-a.rea (:as(,), tog('l, ll(:'r will_ i,('sl, data. 'l'll('r(' at(, visil)l(, (l_lali-
tativc ai_(t (l_a_lil, al.iv(' (liff('r('_(:(,s i_ 1)r(,(li(:!,('(I v(,ss('l i)r(,,,-;s_riza.l,ioll I)oI1_ for less al_(I for
_llore :,',circulalio_ flow th_,_ _s,'..;_l_('(:li_ o_lr I)as(,('a,s(,,r(,t'('rcll(:(, a,llalyses.

The w'ss('l I)ress_rizal, ioll ('al(:_llat('(I is ._liglltly lower as 1,1_(,recir(_lal, iol_ Ilow is re-

I:)y debris oxi(lal,io_l ill 1,1_('sllh(:ol_l)a, rl,_('llL'-;, ll('('a,_s(, tile oxi(lal, iol_ ral,(, il_ t,l_(' s_l)col1_-

l_a,rl,_('_ll_.'-;is ,'-;l.('at_-al_(I oxygel_-Iill_il,ed, w_ryillg I1_('re(,ir(,l_latiol_ flow varies 1,1_('a,_llo_ll_l,

o!"oxy/4el_ sv,,'el)l,i_ll,o l tie sl_l)col_ll)artllleIll,S t'ron_ i1_(' larg(' reservoir ill tile .:locale,al_l tllus

atr(,(,ts l,h(, oxi(latiou rat('. Ill a(Iditio_, var)'i_g 1,1_('r('(:ir('_llal, ioll flow _-_fl'('(:t,'-;t l_(' ral,('s at,
wtli(:l_ l,h(' ral)i(lly-Ii('al('(l ::;_t)('()llll)arl, I_('lli. a.l,l_l(_,,..;l)l_(,r(,is l_ix('(l witl_ 1.11('ll_(_('l_co()l('r,
i_u('tl larg('r a.l,l'[_()sl)ll(,r(,il_ l.tle dol_('.
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Table 7.2.1. lly¢lrogoii fi¢'noraliowl I'or 1,1i¢,SNI,/II:/! _ l"_Xp¢'rilll¢'lll,s (',ollw:dive llea, l,

'l'ra, nsft'r S('tlsil;ivil, y ,';i,ll(ly

l",xl_erimotll, llydrog¢,Ii i_rotlllt'ed (g,iii-lnolo_)
l)a,i;a,t M !!;I,(7,OIL[:

,'l VOl,:

i)_,1' 0.1 xl)c,f 0.01x l)el' 0.001 x l)ef

11!'/I'-1 233 2_.5/269 2_,1/26_ 285/263 287/273
II';'!'- 11{, 248 263/271 265/273 2(i,!/2r ! 26,_/278

llql'-3 2'27 '22!)/340 231/3.1,1 22!)/34f) 2:1:1/331
I1:'1'-4 303 241/35,t 2,17/359 2,12/:1(il 247/3,17
I !!',T-5 31!) 236/313 23!)/313 2.'10/31."1 2,11/321

llql'_(i 319 232/35_i 2;12/3.:14 23,1/352 2;15/:133
l I,Yi'-7 27,1 22,1/:H2 225/;/37 225/;H:1 231/3:1(i

t from ga,sgrab I)m,l,l(,sa,ilil)l_,sa,l,3()Illill
:]:(a,d,lla,] va,lllos a,l,'2()s)/ (a,ssllliling (rely si,(,a, lll/lllt,1,;i,[ ro_l,(:l,iolis)

Table 7.2.2. llydrog(:il (',olilbusl, ioil l'(_rI,I1¢'SNI,/II:/I' li',Xl_(,rilll¢,lli,s (',oilw;rt;iv¢, ll('al,
Tra,ns[er Sellsil,ivil,y S(.lidy

I:,x fl¢,rillielll, II yd rogell l Ill r lied (gill-inolt:,s)

l)ai.a f M I:,I,( ',O11
ill'Ol,=

l)_,r O.lxl)er o.(ll×l)_,t 0.001xl)ef

IET-1 :1 0/,1 0/,t 0/,'l 0/,i
IF,T-1 tl, 1i 0/ 2_ (i/ 2,',l 0/ 2vl (i/ 2_

1F,T-3 190 205/320 20:1/321 l_n/:l_,/ 2(i3/30f)
II":1'-4 240 223/;1:1.q 225/;14 1 210/;l:l:l 227/;132
1I':'I'-5 53 ()/f):l 0/,q2 0/,q2 0/91
IF:l'-6 345 l!),q/31 _4 197/31,t 181/:1()5 191/29fi

lET-7 323 227/:1:19 226/:1,'i,"1 219/3,13 22(i/335

tfroill ga,sgi'_l) botl,lo s_l,lnl)los a,l,3()iliili
_(ael,ua.] va.llleSa.i,20,_)/(a,sSlilnlngoiily sl,oa.nl/nlcq,a.l rea.rl,iolis)
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Figure 7.3.1. Vessel l)ressures for SNL/I _1 l;,xper_nlel_ls for No l{ecirculation
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Increasing the recirculation flow does not a.l)l)ea,r I,o a.f['ect, the pea, l,: vessel pressure

very rnuctl, but th tc is a moree" nmch rapid depresstlrization after <2s for l,he large recir-

cula,l, ion flow, quaJitat, iw'ly unlike both the l,e,sl, dal, a and the reference analysis results.

The rapid depressuriza,tion occurs bc(au,""s,c varying, the recirculatioll flow all'eels the vol-

unle velocities used t,o calculal, e llea.l, l,ransfer coeflicients. Figure 7.1].'2 conlpares l.he
" e ' lal;ion '_flows rates ini,o ("straighl,-through") a,nd oul, of ( r.clrcu ) file donw arid tlw dollle

inside surface heat t,ransfer coefficients ca,lculated for tile referellce analyses all(! for l.lle

seTlsitivity study increasing the recirculation flow a,rea. The flows are ilearly slagllalll

in the reference analyses after about 2s, wldle sigllificani, flows t)ersisl irl 1,11¢:s¢'llsil.ivily

study increasing the recirculation flow area l,hrollghoul, most of l,he transient period coil-

sidereal; the heat l.ra,ns['er coefl:icielll, s in l,he tcfcl :nee ........ e a,nalvses drop l_v aboul an order
aJl.:r a,bout 2s toof magnitude'' e , _<25w/m2-K, wilile t,lle doine inside stlrface Ileal trails-

fer coefl3cients ca.lculated for the sensitivil, y study increasing l.lle recirculatioll flow area

remain _>100w/m2-K throughout most of the transient period considered. Tlllls tile w's-

• ._ air, 1 tlle tirstsel al,mosphere loses substa,nl, ially more energy to the walls _nore quickly ' 'e'

)N ;" the seIisit, ivity sl.udv ca,lculatioti increasillg tilefew seconds of lhe Ill ,1I, transient, in ,,
recirculal, ion flow area.

Iables 7.3.1 and 7.3.2 p_(,, cnt the a,nlounts of hydrogen gelmrai,ed and burne(l, respec-

tively, in these various cases. Test data estinmtes ()i' l,[le a nlollnl,s of hydrogell pro_lu('(,d

and burned are included for reference. Willie there is 11osysl,enlal.i(" varial.io11 in lly(lr()gell

production as the re(,ircl_lalion flow area is increase(l, there is a signi[icant (lifferen('e i_

the a_nounl, of hydrogen cond)ustion (a,lculat'• • e(t for tl_e two s(t,"s of calc_latio_ls wil]l little

or no recirculation, compared to the hy(lrogen cot_l)usti()n ('alculal.(,d in tlw two sets of
calculations with ba,_c(a,_(_ or m()_ recites'" s_ "e ulation; this is beca_se increased recirc_latio_
flow dra,ws rllOi" "e hydrogen from i,he sul)compartmenl, s where it was ge_lera.l,ed 1,o the

dome where oxygen is available for react,ion and where coml)usl, ion is p('rl_il, l,e(l l,o occur.

Figure 7.3.3 giw:'s subcoml)artmenl, teml)eral,ures ca/c_lal, ed usillg variotls recircula,-

l,ion flow areas and flow rates, t,ogel, her wil,h experi_mnl,al data. Wl_ile 1,11e't¢'is _1o1,nluct_

cha_ge in the magnitude of l,he t)_ake" s_d_compart_nenl, l,:tlll)e e_al,u_t,'" ' "s I)ei_lg calcl_lal,ed,

l,here is a. much broa,der l,en_perat, ure peak in l,he ca,sos wil;h little or _1orecirc_llal, io_l flow

assumed, probably due to reduced mixing of the hotl,er subco_npart_enl, al, mo, ph(J(-

wit,h the cooler dome a,tmosphere.
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Table 7.3.1. tlydrogen Geilera.tion for the SNL/IET Experiments Recirculal, ioll

Flow Sensitivity Study

Experiment Hydrogen Prod uced (gin-moles)
Da,taf M I,;IJC,O 1{,{

(X Basecase)
0 (none) 0.1 1. 10

II!7['-I 233 282/200 2,_2/208 286/266 288/277
IET-II{ 248 263/189 262/197 266/267 267/281

IET-3 227 242/170 240/182 232/352 210/386
IET-4 303 253/180 254/195 243/361 220/396

IET-5 319 246/210 244/226 240/313 235/344
IET-6 319 244/166 243/179 236/354 208/395

11!71'-7 274 '236/156 237/223 229/;]51 207/395

'ffl'om gas grab bottle samples at 30rain

{(actual values at 20s)/ (_ssuming only steam/metal reactions)

Table 7.3.2. llydrogen (,'ombustion for the SNI,/IET Exlmriments ....ltecirculaI;ioll
Flow Sensitivity Study

l!;xperiment llydrogen Burne(i (gm-rnoles)
Datat M I';I_C,Otl{

(x Basecase)
0 (none) 0.1 1 10

IET-I 3 0/4 0/d 0/4 0/4

lET-IR 11 0/28 ()/28 0/28 0/2_

IET-3 190 113/170 119/182 188/313 208/384
IET-4 240 1"29/179 137/194 2O9/332 218/394

IET-5 53 0/56 0/61 0/91 0/:122
ll;;rl'-6 345 110/159 117/171 218/307 202/388

IET-7 323 111/164 118/175 223/350 209/396

tfrom gas grab bottle samples at 30rain

:[:(actual values at 20s)/ (assuming only steam/metal reactions)
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I 6 MELCORAssessment:SNL IET Tests, , , , , , , ' , ' t I 6 IdELCORAssessn'_nt:SNL IET Tests
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8 Scaling Sensitivity Study

S(,veral coulli, erl)a, rt tests 1,o the SNI,/II"/I ' direct c()iltainllwllt Ile_ting eXl)eri_w.ntn
(lone a,1; Sa,ll(lia in tim 1:10 linear scale Surtsey t'a,cility were l)('rl'or_)led a,t ANI, in th(,

l:dO linea, r scale C,OI{EXIT facility, in a,n ('xl)erinmni,al l)rogra, I)l to i))vesi, iga,i,e tile efl'('('l,s

of scale on I)C, tI phe)lomena. 'l'lle ANI, facility all(! test progra, ll] is described in Se(,-

(,loll 2.2. Tt's(,s ANL/IE/I'-IIIlL ANI_/II"/I"-3 a_,(l ANI_/II?,'r-6 were (:oll)lt(_'rl)ar(, tests to

tim SNL/II,]'I_-I, SNI_/IE'I'-lf:(, SNL/IE'I'-3 a)l(:i SNI_/I1,7I'-6 ,_urtsey (:xperinlenl,s. (W('

(lid not consider tile early (:ou)lterl)art tests, AN I_/It:,'P-1 a,wld ANI_/II_'I'-I R, t)ecalls(' of

l)rol)l('ms in the exl)erimenta,1 l)roce(lure a.il'('(',ting stealn/d(:l)ris I;Iow(lowll tinling.)

Our a,Tlalysis of (,he ANI_/IET experirlle_lts was (;o)l)pli('a,t('(! I)y several fa(:l,ors. As

(liscussed briefly in Section 3.2, there was not enougll fa('ility inI'ornlation and (Ira,wiIigs

available in (,lie ANL letter reports [18-2,1] to d('v(,lop a MI']I,C,()I_ irll))l( )no(lel for (,lie

C.()I_ I"_XI'P facility lET configur_,tioii; we often had 1,o simply assu)lle l,[le _url,sey input

l_l()(lel )u_nfl)('.rs scaled directly to the ANI, test facility. Also, sonic of the (:opi(_s we Ila.(l

of the letter reports describing the tesis an(l results [18-24] were i)l(:oml)lete , with t)oth

tigures and pages of text o('('a.sionally missing, and (.tlose lett(,r rel)orts gellera,lly (:otlta, i)l(,(I
very little ana,lysis of the test results. For ('xanll)l(,'"', while there was so_ne (lis(,ussion at)o_(,

the overscalcd melt nia.ss being used in ANI:/IET-1RI( all(1 ANI:/IET-3 to (:On_l)e_sa(,(;

for exl)eCted melt retention in the melt generator/(:r_)cit)le, we foun(l no dis(:ussio)_ o_1

why the srna,ller melt mass wa,s used for ANL/IE'I'-6 and on what ('ff(_(:l, this cl_auge
would Ilave on co)nl)a.rison of results, t:url, t_er, we I_av(' I'ou)_(l lil, l,l(, or n() (l()(:u))w)_te(l

analysis (:omparing 1,11('counterpart test/)eliavior at 1,1_(,two (liff(_r(,'))(,fa,cilil,ies and sca,les,

ider_tifying a,nd dis(')_ssing si)nilarities and (lifl'ere)_c(,s, a,itllo_gh we wo_ld have eXl)e('t(,d

this t,o I)e an in_l)ort.ant and high-priority result of (,lie test ])r()gri-i.ill.

We did find a lin)ited discussio)_ of the scaling an(I r('l)ro(lu(:il)ility ot' t,l_e SNI_/It!'/P-I

ml(l SNL/II'YP-I I( test set done in (he Surtsev vessel and the ANL/II!YI'-It( and ANI_/II,Yl '-

l l(l{ l.es(, set (tone a,(. Argonne [36]. tlowever, tha,t s(:a.li_g a_lalysis s('em('(I overly ('()))_-

pli(,at,ed, with (tiffere_t time a.nd i)ressure sca,le factors used t'or ea(:l_ in(livi(tual exl)(,ri-

m(,nt (rather t,ha,)_ for ea,(:]_(,Xl)eriment, set), and (lid not a(ldress the issue of Ily(lrog(;)_-
('o_))t-)usi,ion scaling in the other counterpart t('sl, s (lET-3 a l_(l l l!]'l'-(i) at all. We therel'ore

l)(:rfor_ned o_r own, ]imite(l review of (.he fa(,ilit,y dala s(,alal)ilily i)) order to ('O)nl)l('t('
this re(luired l)ar(, of (,l)is MI:,I_C()I:{ a,ssess)nen(, task.

8.1 Facility and Data Scaling Background Discussion

'l'abl"("8. I.I coral)ares some of tl_e fa.cilil,v..paramel, ers and th(' (legr('(, t,o whi(:l_ s(:ali)_g
was l)res(,rved. '['he nutnl)ers in the SNI, a)l(l ANI+ facility colu))'_t_s ('on)e eitl)er ['ro))l (,he

l)ul)lishe(l data reports [10-24] or in a few ('_ses from [36]. The scaling COml)ariso)_ (lo)_e

in (,his ta' I)I(."is o)IIy l)el.we(,n (1)e two faciliti('s', (,h(' degree to whi(:h ('i(,h('r facility (:orr(:cl, ly

sea,led _cl, ua] plant ('o_)(litions is not co))sider(,d l_ere. Only larg(, (lis(,rel)a,)l(:ies i)_ sea,ling

are noted; we considere(! (li/fere)wes _<5-10% )wgligil)le. (Noi.e that tile l:10-s(:ale a.n(l

10,1



l'40-sca,le descriptors usually used for these facilities are approximate. An exact sca.ling

factor of 3.922 was used in the conlparisons in this table.)

This comparison identifies several scalillg conceriis:

1. The m:.lte mass i_ the ea.rlicr' ANL tests (ANt:/IF, T-1RI:¢: and ANI,/II!'T-3) was
signi ficant;ly overscaled.

2. The blowdown stealn source was sigzlificantly overscaled in volume and, for sinlilar
I ,'e" ", v ...... • and,steam," pressures, and l,elnpera, t,llres, ,llcl _tole significantly o elscd, l(d in mass

energy.

3. Although the downslrea_n volumes into which tl_c steam was blowing down were

correctly scaled, the A NL vessel asl)cct ra.tio (--,5) wa,s significa.ntly greater than

the Stlrlse,,.y v:ss(:.l('-' , aspect ratio (,---,3).

Figllre 8.1.1 shows the stea,rn a ccltn_ulal, or blowdown ill a,sur(;d for foure" " of the SNI,

•, pr a _ "t " i_, a ,tesl.s (SNL/II, I-I SNI,/II!YI'-If/, SNL/It!7I'-3 and SNI,/II, I-6), together witll the stea,nl

accutmllator blowdown inca.silted for tllree of tile A NI, counterlmrt l,ests (A NI,/I I'YI'-1Ri{,
4at a , . iarANI_/It:T-3 a.nd ANI,/II_I-6); we did not collsi(ler either the ANL/IICI'-I or ANI,/II, I-

1I{ exl)eriments as successful counterl)art tests, ltl tllis figure, the tinles for the i' 10-scale

Sllrl.sey tests ha.ve l)e('ll 111ultiplied I_y 1/:1 to correspond to the l:40-scale ANL tests, a
r "_ 'lfa,ctor e(llliva.lent to a,ssunlillg that w'lot, ities were kept coilst.mlt ill the two fa,cilities. Ill(

crossplot results indicate that l,llis simple scalillg works tluitc well (a.l, lea,st as well a.s

the more cornplicat,e(l scaling ilsed in [36]), with t,est-to-test, varia.tions ill each facilit, y at

least _ts large as facilit, y-lo-facility w_.ria,tions.

The corresporlding measured vessel l)I(--sures t,iin(,s ill• ,s' (with l,he th(' SNI, t(,st resl_lts

sca.le{l by the same 1/4 _n_ltiplier) are presented i_ l"igure 8.1.'2. While t,he resull, s qual-

ita.tiw-qy scale, wit]_ grea,tcr pressurization in cases wit]_ llydroge_ comb_sl, io_, tl_ere m'e

a n_rnber of q_tantita,tive discrepa_cies. 'l']le first t,l_i_lgto note in bol,]_ Figure 8.1.2 and

it_ (:()l_l,a,ring peak vessel t)r(s.,'suits',' give_ in Tabl('s 2.1.4 a_(t ')....') 4 is 1,[la.t tl_(.' _t_a.ximu_n

press_lre rise (t_e to I)CIt i_l l.he small(,r-s(:ale ANI, fa(:ility is sig_lifi(:antly (,_5()%) greater

tha_ tl_e maximu_n l)ressuriza,tioll due to i)(:ll ot)serve(! i_ l.lle tests (lone i_ Surlscy. This

is l)rot)al)ly pa,rti_dly due I,o l,he r(_'la.tiv(qy larger sl,(;a,_n t)lowdow_ source _nd _n(,lt m_ss

in ANI,/II:T-1Rf{, con_pared to SNI,/II'71'-I and SNI,/II)3T-IR, but the (liffer(.'_(:¢' is so

large that il, a,lso in(licates l,l_a.l,I)CII energy-l, ra_sfer e[[i('i('ncy was greater a.t l,l_e smaller

scale. The second thing I,o note is l,]la.t th(' 1)ress_rization du(' to hydrogen (,o_fi)usl, ion

is sig_ifica_ltly less in the s_mller-s('ale ANI, facilil,y than ol)served in l,tw l,esls (l()_e i_
Surtsey, esl)ecially " eg_v _ t,l_e great(,r t)ressurizal,iol_ du(" to l)('ll. The tllird thi_g to note

is 1,hat, t,here is a _rn_ch greater (liff('re,,('e I)(q,w('('_ tile early-lithe l)('ak vessel pressur-

izal, ion in the ANL l:40-s(,ale tesl, s wil,l_ a,_(l witl_out l)re-('xisti_g l_y(lroge_ l.hall i_ th(,

countert)art SNL l'10-s('ale t(,sl,s, est_eciallv_ give_ 1,l_e_-,15% (('""1(_( asc" ill n_ell, n_a.ss from

ANI,/IET-3 to ANI,/IET-6.

Tal)les _8.1.2 and 8.1 .3 st_t_tt+at'iz(, l,t_(, l_y(lrog('n produ('l.iott a,t_(:lcoml)t_stiot_ (la.ta t'rom

l,hese counterpart lesl,s (witll l,lw SNI, lest results s(,ale(! l)y a. 1/43 _nultil)lier ). Aga,in,
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Table 8.1.1. Facility Scaling for the SNL and ANL lET l_xl)eriments

Parameter SNI, ANI, Discrepancy
Parameter (1:10 scale) (1:40 scale) in S('ali_lg §

'l?hermite (kg) 43.0 0,820t + 15%
Thern:dte (kg) 43.0 0.713_

Steam Accumulator Volume (m3) 0.30 0.006 +20%

Cavity/C, hute Volume (m 3) 0.245 0.004
Cavity/Chute Length (m) 2.4 0.61
Cavity Water (kg) 3.48 0.055

Subcolnpartment Volume (m3) 4.65 0.077
Subcompartment Height (m) 1.52 0.39 -

Donle Volmne (m 3) 85.15 1.43

Vessel Total Voh.ne (m3) 89.8 1.51
Vessel Iteight (m) 9.9 3.4 +35%
Vessel Diameter (m) 3.38 0.76 -12%
Vessel Area (m 2) 9.0 0.454 -23%

§"+" if ANL facility/test overscale
_fforlET- 1RR and IET-3

{for IET-6
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MELCOR Assessment: SNL/ANL lET Tests
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Figure 8.1.1. Scaled, Mea,sured bl, am Accumulator Pressures For ,SNL and ANL
Counterl)art lET ['_xperiment, s Scaling Study
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MELCORAssessment: SNL/ANL lET Tests
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while the results qua, lita, tively scale, with more hydrogen production _nd combustion in
the case with pre-existing hydrogen, there a,re a. nu,nl)er of quanl, ita,l,ive discrepa.ncies.

In pa,rticul+tr, the hydrogetl pro(lucl,ion in both ANI,/II!]'F-IRR and in ANL/IET-6 is

5% less t,h_m the corresponding sea,led SNL/II)71' hydrogen production, but the hydrogen

production in ANL/IET-3 is ,-+25%n_ore tha.n the corresponding sea,led SNL/II_YI'-3hy-

drogen production. The sma, ll number of da.ta, poinl, s _nd l,he la,ck of a clear trend make

it impossible to decide how tnuch of the dif['erence is due 1,osea.ling effects m_d lmw much

simply to experimenl,a,l uncertainties a,nd l,est-l;o-t;est va,riat, ions. Qua, lil,atively, the da, t_

from the snlaller-scale ANL fa,cility shows slightly less va,ria, tion in tile emlount of hydro-

gen produced in the various tests, +rod a.lwa.ys h_s less hydrogen burned tha, n produced

(a.lthough there are very few da.ta points), while the SNL data shows sotne pre-exist,ing

l,ydrogen musl, have burned in IET-6.

'File hydrogen da.i,a, somewhat cont, ra,dicl; the vessel pressuriza.l, ion da,l,a giw_lt in Fig-

tll'e 8.1.2, bec_mse there was rela,l,ively tnore difDrence in pressuriza,t, ion bet, ween ANL/IET-

3 and ANI,/II';T-6 than between SNL/II!;T-3 a,tl(l SNI,/IE'F-6, but with signific_ml, ly less

<tifl'eretlce in bol,]l hydrogen producti<m a,nd combustion; this suggests tile <,xistence of
difl'erences itl tithe scales R)r oxidation, confl)ustion a,tld hea,l, tra.nsfer at l,lle different size
scales.

Our MIi31,COR. assessment ana,lyses for these l:40-sca,le ANI,/II!3rl _experiments were

done in severa,I steps, concentra,l, ing on the sca,litlg of the l)henotnetla,. First, the ANI,

facility geometry a,nd test condil, iotls were modelled (mid/or scaled) as discussed in Sec-

t,ion 3.2, wit,h no chatlge in tile cha,ra.cterisl, ic inl,era,cl,ion tiltw.s inl)ltl, l+o l,he Mli;L(I',()I{
FDI t IPME model. Those cha,racl, erist, ic interaction l,il_les were l,hen s(:a.led also, in a.n-

other set. of ca,lctllations. Fin&lly, the ol,her tlotl-sl, a,tl(la,rd M I']L(',OI{, inl)ltl, used for the

,qurtsey l: l 0-s(:ale SN I,/IET expt'ritnetll, analyses (i.e., Ily(irogen coml)usl, iotl para.tnel,ers,

volllme flow areas a,nd velocities tlse(l 1,odetertllitle heal, l,rallsfer (:orrelal, iotls, atl(l recircu-

la,tion frot,,I the dotne to the stlb(:otnl)a, rttlleltl,s ) were varied and the iml)a(:l, on ca,lcltla, ted
restl]t,s evalllal, ed.

8.2 Scaling Facility Geometry and Test Conditions

Itl l,he first set, ()t' ca,lctlla,l, ions (tone, the ANI, fa,cilil,y geot_wl, ry and test ('otl(litions

were modelled (an(t/or s(:aled) as (liscuss(xl ill Secl, ion 3.2, wil,h no cl_a.nge in tile (:ila,r-
a.cl,erist, i(: interaction times inpul, to the MI,I,COR FI)I [II)ME model. Vol_tnes a,nd

tleiglats, an(1 tile blowdowt_ flow a.rea, were taken from the l,e.sl, (la,t,a, reports wlw.tlever

possible; otherwise, the input va,ltles used for the SNL/II'YI' ana, lyses w(;re Siml)ly ad-

,jttsted a,s al)l)ropria,te by the differet_(:(' il_ sca,le fa,(:l,or I)el,ween the two facilities. The

(iel)ris atnotltli, a,nd (tist, ril)titiotl were l,aketl from tl_e i,est data reporl, s, +is well as l,he

inil,ial stea, tn a.tl(t at,mospl_ere ('oll(titions; l,he times in the sl,ealn blowdowtl va,lw.' opening

and tile debris injectiot_ i,imi_lg were I)oi,h s(:aled by 1/4 from the va,lues t_se(! for o,lr

SNI,/II,YI' t+eferet_(:e analyses.

l{esull, ing predicted vessel l)resstlr(,s for tile smaller-scale ANI, tests a.re sh()wtl in

l:igt_r(_ 8.2.1, l,ogel,her wit,t_ l,lw l,esl, (lata. The (:orrespondir_g ('alcula, l,ed results and
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Table 8.1.2. Sc_ded, Mea,sured [tydrogen Generation for SNI, and ANL Couni,erparl,

IE'I' Experiments ....Sca,ling Si,udy

Exl:)erirnenl, l-[ydrogen Produced (gm-nloles)
SNL Da,ta ANL Data SNL Data

(Scaled to ANI,)

IET-I 233 3.7

IET-1I{ 248 4.2

IET-1RR 4.0

_'_r" "_ ,...,_...,II, I-3 ')97 4.65 3.7

i !-'_ v|'_ p 4._, 5.1I',_,-o 319 ,_0

Table 8.1.3. Scaled, Measured Hydrogen (',olnbustion for SNL and ANI, Counterparl,

ILI l_xperixnents Scaling Study

li;xperin_erlt Hydrogen Burned (gin-moles)
SNL l)at, a ANLData SNL Data

(Scaled to ANL)

lET- 1,1R,R 3 0.04
lET-1R 11 0.2

I ET- 1RR

II'3'I'-3 190 3.50 3.1

IET-6 34,5 4.22 5.6
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test da,i.a, for t,tie la,r_;er-,sca, le courll, erparl, SNI. exp('i'ilnelll,s are also iilcluded for coill-

parison, bol, ll wii, tl file i,ime scale<l by 1/,1. Tile pea,l< t)ressllriza, i,ioll predict,ed ill t,his

ca,_e for ANL/I!!]T-IIIIt is w,ry ,_ilnilar (_lO01<Pa) i,o l,l_a,t predicix'<! for SNI./II';'I'-! all<l

SNI./IET-II{, sigilifica, Ili,ly less i.lla, ll tile _-.1501_l)a, Nieasured, arid l lie rise t,ilwle i,_ rela-

i,ively slower in i,he ANI./IE_I'-I Ill/siIlllllai, iOll tlla,, ill l,lle SNI./II']'I _-1 aIl<l SNI./II']'I'-III

ca.lclllai, io.s, while itle dai,a, sllows l,he saille l,inle d<.pcndcIl<:e wil, tl i,llis i,illl_' scaliil_. Ill

(:orli, ra.si., l,lle l)ea.l< l)resslirizai.io, l)r<,<li<'i,e(! scali.g <)lily _e()ill(,l.ry for ANI,/IE'I'-3 ali(I

ANI_/ll!;'I'-6 is sig_ifi('a, ul, ly I_igl,(,r (_3()0i(l)a) I)(,l,i_ tl_a.i_ l.ha.l. _('a.s_r('(! (2()()-2501<1'a,)

a,ll(:l l,lla,n l:lla,i, I_re<ii(:l,e(l a il(! lll('aslir(;(! for SNI./Ii"'I'-3 and SNI_/II"'I'-6 (..-250kl'a,); tl<,w-

•'s. a,gai, are rclal, iv(qy sl<)w('r ill l,tie ANI_/ll';'I'-3ever, l,heca, lculal,('<! l)i'(;ssur(, !1,( l,ilil_,s

a,n(l ANI,/II,;'r-6 Silillila.l;ioils l,lla.ll ill l,lie (,orr(,sl)(;in(lili _ SNI,/II';'I' ('a.l('illal, ioll,s or 1,1i('1.('sl
<lai,a.

8.3 Scaling Characteristic Interaction Times

'l'lier<' is lia rca,SOli 1o ('Xl)e(:l, i,o lilai('ti l,lle ANI. l:,10-st'al<' i('si, r<'slili,s ollly liy s('alitit4

l,ll(, _url, sey facilil,y _eoiliel, l'y ali(t iisiii_ ltle ANI: l,<,,sl,(,Oli<liliolls. li, ,se('liiS illlliiliv_'lv

ol)vious l,llal, l,ll(' ('tlai'a('l,(_risl, i(: ilil,('ra.(,l, ioli l iiil(' for airliorli(, (lel)ris s('ll, lili._ .sli(>ill<l t)(,

scal(,(l as l,tl(' h<'igtil, of l,li<' volilllle. 'l'ller(,i'<)r(,, a. sel, of ANI,/I1,;'I' cal('llial, iOll,S w('r(' (l(Jli('

wil, ll l,ll(' (,llara,(:l,('risl, i<, s(,i,l,lin_ l,illi(,s for airllorllc (l(,I)ri,s r<'<lll<'('(I I)y 11:1ill ea.('li v()llllli('.
llowew,r_ ii, is ilOI, illl, llil, iv<'ly ol)vio_ls wheltl('r l:lie <'liaracl.eri,sl.ic ilil.el'aCl, iOli l,ilii('s for

oxi_ia.l,i<Jli of a,irl_orli(' or <l<'t)(>sile(l <lel)ris, (>r for tl<,al, iraiisl'_,r I'i'(_iii airl)oi'lie _l(,l_i'is i_>

a,l,illosl)h('r(' , stiolll(l I,(, scale(l or liol. ill illOl'e ,s(,l,s ()[" ('al('lilali(>liS, we s<'_l('<ll li(' Val'i(Jli.s

<'liai'a.cl,<,ri,sl.i<' ilil,era(,l:ioli l,illles a/so I)y 1/,1,I)()l.ti iii_livi(lilally ali<l in <'oilll_ilialioii, ili

a<t(lil, ion I,o sca,lili_ l,lle <,liai'a<,l,erisl,i<" s_,i.lliill4 lilll('s.

l:i_ur<:' _.;I. 1 _;ivcspre<lictc<lw',ss<,l l)r(,sSiil'(,,s for l,ll<, ,slliall(,r--scal(, A ,,_I, l,(,sl.s, ('alclilal ('_1

lisili_ sell, lillg ciiara,<'Ix'risl,ic l:iliics r('(lllce<l I_y l,lie I_'lll411i !_('al(' I'a('l<_i', lo_(,ttler witli l lie

l.esl, (lal,a a,li(I l,lle correst)()li<lili _ l,iiil(,--scal<,<i <'al('iilal,e<l r_,sillls aii(I i(,sl: (lala t\>i' l ll_, lar_j_,i'-

s('al(' coiiill,erl)arl, _JNI, eXl)('riliieiil,s [br COliil)a,l'i,st)ll. 'I'll(' l_<'al_l)r(,sslirizat i(lii iJl'(,(licl_,_l iii

lhis (,a.se for all l,lirce ANI:/II';'I _exl)ei'ililelil SiilililalioilS is ,sil411ili<'alll,ly I<,s,_l tiaii (,iili(,r

l.esl, <lai.a ()I" l,ll<, S_I,/II';'I' ca.lclilal.e(! r('silll.s, all<l (as ill l lie cas(, stiowli ill l:i_lii'e S.7.1 ) ill('

cal<'lllal.e(t pr('sslir(, rise 1.iill(,s a._aili arc Mai iv('ly ,slower ill i_ll I llree ,,\ N !,/I I';'1' ,siliiiilal iOliS

tllali in l,ll<, ('<)rr(,sp()li(liilg SNI:/II';'I' ('al<'ulal.ioil,s (>i"l lie l_'sl <lala.

'l'lle,se r('sllll,s ill_li<'a,l,_, l.llal l,ll(, olli_,r ('liaraclerislic iill_,ra(,l, ioil l.iiill,.s (for o×i_lal.i<_il o['

a.irl)orn(, or <lel_osii,<,d <lellris, ail(! t'<>i'll<,ai, l.raiisl'<,r t'rolil aii'l)()rlie (lel)ris i,o aliii(),_l_li(.r(, )

l>rot_al>ly slloill(1 t)(, s('al<'<la,l,so,I)e<'all,<-;e1,1i('se i'<',silll..sili_licale llial, liiOi'(' ral)i<l (_.xi<lal.ioil
('li<'i'_,y l'el('a,se a,lid l,ralisl'er I,<)al.lii()Sl)iiei(" is l'('(lliii'_'(l 1.(>iiial('ti llie A _ I, l.e.sl,(lala. l:lii'l.li(,r
<,al(-lilal, i()iis w<,re (Ioiie wit, lil, tie airl)oriie-(l<,l)ris o×i<lal, i(_li aii<l Ileal, l,ralisl'_,r ('liara<'l(,ri.sl:i<'

l,ini(,,s ill(livi<liially scaled Itv l/.i (wil.ti l,ll_! ,s('l,l:lili,_ ('liara(l.('risl:ir liill(, al.s<l ,s<'al_,<t),ali(I
wil,li all l,tie <'tiararl,(,risl, ic t,ilil_,s s<'al<'<t.

Ve,ssel l)r(,ssilres for ilia, slila.llei'-.s('ale ANI_ l<'sl,s l)r('<li<'l.e<i iisiii_ I)(>lii (>×i(lalioil ali(I

seil, liiig ('lia, rax'l,erisii<' l.ililes re<lll<'e<l t)y itl(' leli<_tli ,scale ['aclor, ai'(' _l_'l_i<'ie(l ili l:i_4-
iir(' S.3._, a_aili wil, lil, ll(, l,esl, (lal,a. ali(I l,ll(' <'orr('sl)Oli(lili<_ i,illie-s<'ale<l cal('iilal,e(l re_iill,s
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Figure 8.2.1. Scaled Ves,(l Pressures for SNL arid ANL (",ounterpa,rt ll_ 1
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a,tld i<,,'-+ldala for i+lle la,r_<,r-._cah, <'ollni,erparl+ NNI, eXl)et'iilwllt.,'.+for corlilmt'i,'.+oll. 'l'l_<,w

+,'.+llo _'lla11_<'iu p<'ak l)l'e:.-;.,-;llriz++li+onpre<li<,ted iu tlli,'.+ca s<' for ANI,/II+'+:I'-I lill atl<l owily a,

sttlall iil<+'r<ms<, itt l>+'al+:l)r<,ssilrizai, ioil pr<'<liclx'd for ANI,III",'I'-3 ++tJi<lANIIII:','I'-fi, +'o1111mn'd

to l,lle t'<,s111l+sol_l+aille_l usiilg ouly a m+'+_le<lsei,t+litlg <:llararlx'risi, i(" i,illle (l+'igttt'e 8.3. I).

l:igltre 8.3.3 give,,-;l>re+licie<l vessel pt'e,'.+sures for t+ll+','-;ttlaller-,'-;cale ANI, i,<,,'.+t,,'-;,caJcIl-

laled tlniil_ l_ot+lla irl)ot'tle-del)ri,'-; lleat_ t+rau,_l'er atld sei.tlitlg cllar++l.(,tx,risi,](, l.ilile,'+ redtlc(,d
l_y i+ll_,leli,_ill .+.+cah,fact,or, wil,lt l,lJ<"l_+sl,d+-_,i,aatld ilj<, <:orr<','-;potlding l,ilile. ,ca+led ca+Iclz-

l++_ix'<lreslilts aild t.est, da+l,+:+for i+li<+larger-sc++_le collilterpa, rl SNI, experiillent, s itlclu<led for

<'Olnl>ari,,.;ott. +'l'lle p<,++_kl)re.'-;.'-+lirizat+lollpre¢lici.ed itl illi.,.; ca,,'..;efor all i,llrt,e ANI+ilE'I' ¢'x-

pet'ilnetll, sitlllilali<:_li,'-+is ni_nificatil, ly hi,_li<'r illa.n for l lle <'a,'-;e,'.+illli,<.;i,ra.Ix+d ill l+'i_llre _.:l. I,

a tl<l i,'-+itl good agre<,nleni wil, h i,lle peak l>re,,-;nllrizai,ion cal<:tilal.ed for l.lle cotllli,+,rlmrl,

SNI, i+e,'.+i+,,-;;ill<, rise i illle ill l,lli+ <'a,'-+efor all i.llt'<'e ANI,/IE'I' experitnent, ,<.+ittlulat,ioti,,-;a,l,'.+o

is ill very _(:><;)(!a,_t'e('lil<;'lil+wii, ll corresl)Oildillg remlilL<.;calcula.led for i,lle c()titll,erl)ai't, SNt,
ie,,-;l+,,.;.]lecalls<, (it' i,lie cliffereli('f,s ill l,ll+:'eXl)erilii<+'lila] l>ehavior di.scils,'-;edlii ,<"Jecl,i<;in {'g.l>

allliotigli l.lle resuil.s for llie ANI+/IET eXllerinletll, ,'-;ilillll++lliolls liOW a_i'l,f, gililx, w<'li wil,ll
l,li(, +<'+ll(,<l,';N I,/IE'I' reslllt+s, l+tie i_rediclx,d l+<'al<I)i'e++w.IIr/' t'or A NI,/IE'I'- 11111(,-+l(/0kPa.)

i_ +i,ill sigiiificatii, ly less lliail i,hai, lilt'a,,<.;lir<"<t (,--,lD/)kl_a), wliil<' l,lle l/redicl<,<! peak l)l'(,.,..;siii'<,
for ANI,/IE'I'-:I (,--,;250kl'a) i+ +i<_tlifi<'al_l,ly tligller ilial_ i.llai, tll<,a,<.+_lt'e<!(,--,'2(10kl'+l).

V(','-;,,-;ell)r<':-;,<.;ure,sfor tile +llialler-scale A N I, ie+l,+ ilre<li<'ied ti,<.;ilig ++dlcllaraclx, ri+l,i<"1,iliie.<.;

(N)r airliorile- aild (l<,l/osiied-det+ri+ oxidai ioii, atl<l ++lirlloriie-tlel)rl,'-;+ei,i ]itig a+iidlit,at, t,rali.<.;-

t'('t" Io allllo,<-;liliet'_') t'e(lticed I>y the lengl, li scale fact,or ++it'(,,<.;llOWiiili l+'igiire S.;I.;I, /'i._iiil

willi l lie lent dal.a aud l+lie corre,sliOiidiilg l ilne-scaled calclllal.<'d reslill.+ an<l lx'+l+da+l,a,

for l,lle l+.li'_<'l'-s('al(,c()titll,erl)ari f";Nl, eXl)<"ritlleiiis for ('oilil:larisoli. 'l'llere is IIO ,'.']i+/lig( Pill
l>eak l)res.'-;iirizal ioii l_t'edicle(l in ilii+ case for ANI,/IE'I'-I lilt ati<l olil.7 a siliail ltlcr<,+-t,,.;eili
peak Fires.sliri;,',al,ioli l_r<,dicix,d N_i'ANI,/II+71'-:Iarid ANI/II!;'I'-(i, coliltia, l'<'d i+o l,lle re,<.;ull;.<s
ol>i ailie(l ii,<-;iligollly +cah,d li('al l>ra+li,sferarid ,<,;el,tlitigctiai'acleri+l.ic l,iilie,,.+(]+'igure _.3.3),
v(,i'v ,<.;iiililar i,o itie ,<-;liialldilN,i'<,ilc(; l'otin(l I)el,weeil re,'-;ult+,_ol>l,a+iii<,<!il,<.;ill_ Oi11,7 +<'ah,d

,'-;el,l.ling cti+ll++<::l,erl.sl,ic l.illit';,s (]"igiil'<, 8.3.1) alid ii,sliig +c+lled oxid;-ll,ioll and .setl,lilig cha,r-
a+cl,('ri,st,i(' Iiine.s (]i'igilt'<, 8.3.2), vt;rifyiilg i lial, l,tle vessel l)r(,,,Ssilriza.i,ioll i'('Sllll,s _+l,l'Ollll.l(:il

ilior<, ,'-;etisil,iv<' i,o l,|ie sei+tling and lieat i,i'all,'..;l'<'l'clla.racl+erisl+i("itiixu'aci, ioii tiilies 1,tian 1,o

eil, lier l,lie alri>ortle- or deposil+ed-del/ris oxi(lal, ion char_clx;ristic inlx'racl, ion l,iilie,s.

'l'abh,s +.:l.1 and 8.3.'7 ('Oilil)ai'e t,he aliioiitli,,"; (:it' tiytlrogen geiiera+l.edalid l+_iirnecl,re-

speci, ively, ili l+lle ANI, sltiail-scale tesi, sitilulat.iolls for all l,he scaling cases cotisidered so
far. Tliere are a iitiilil)("r of (tisa.gr(;('iileni,,s liel, weell (,a,lclilal, ioii aiid dai,a, t)olli gualil, a,l,ive

arid qnalii.il, a,l,lv¢-,, in a.ll ca,s++'s.Tilt' sinail tiunilier of <tai,a l)oinl,s alid l+he niicerl, ailil,y
a+<-_soclaix,dwii, ll the nleiliod,s of ('si,ililal.ilig h,ydrog('li i)l'Odlici, ioli a.lid ('oinl:_n,sl,i(:lli l'roin

( i 'lai,e-i,illie gas ,,'r.>a.-I_bol.l, le sa.rtll,+h+s, howew,r> l;lreclude _i.liy h finil, ive ,itidge,tiienl, s Oil l,he
significallce of i,he difN_t'euces s(_('tl.

'l'|ie Ix,sl, dai,a, sliow,,-; iilor(; hydrofoil I_roducl,ion ill ANI,/II+]'I'-:I i,ha,il itl ANI,/Ii']'I'-
l 1/1t, all(:l inore llydrog_'il l_rodncl, ion in A N I,/11+71'-6l,ti;-_iiill A NI,/IE'I'-:II l,lie calclila.l,i()ns

, cotlsisl.enl.]y sliow lllor(" iiy(lrogell l)rodu(:l, ioti ill ANI,/IET-IIIII lha,li ill ANI,/Ii'71'--',Ior
ANI_/IE'I'-(i. The saiile l,i'elid ('a,ti t_<,fOllii(I iii l,tie MI,]I,(',OI/, siilililal, ioli,',.;()f i,lle lai'g('r-

scale _NI, l,esi,s: i,he !x,si, <lai,a, indical, e ilior(' ]i.ydrog_('ii l)ro(lll(:i, ioll iii _N l,/il']T-,i l,hroligtl
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Figure 8.3.2. S('al<,d Vessel Pressures for SNI, ail<l ANI, (',<)unl,('rl)arl IE'I'
l';xl)crilnents Scaling Airborne-D(d_ris ()xidalioll all(l Settling
(,l|ara(:t(yrlsi, lc ]ili,('raction I IIII(.S
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Table 8.3.1. lly<zrogen.' ('(ii(l'_' '_l,lotl" for the ANI,/IET l,xpenlneIIts"' Scallllg'" !a<,llity""

(le¢)metry and Tes( C'on¢litiotls, and (',]laracl,erisi, ic 111i,eractiowl Ti111es

Experi merit llyd rogen Prod uce(l (gin-moles)
l)at at ME I,C OI{_

scaled g(,om and

_st¢'r rsl.:'r/rox rst.:_r/r.'r all ts

II,','I;-1I_I_ 4.0 6.43/6.30 4.59/4.52 4,57/,1.51 6.00/5._,_ 6.55/6.33

_ ..... () _ '9 /6.24 5.00/7.04IET-3 ,1.65 .).6J/_.,53 3.35/5.05 3.4,/,).6, 4.81

IET-6 4._,() 5.39/7.16 3.3()/5.0_ 3.55/5.59 ,I.,17/6.01 5.01/6.90

tfrom gas grab bottle samples al 3()rain

_(a('tual values at 20s)/ (assuming4 only steam/metal reactions)

Table 8.3.2. lly(lrog(,Ii ('()nlt)llsti<)ll for tile ANI,/IET li;xl)('riIllents S "ailllg l'acllity

t ,+ r • ,(,_ t ' _ 1 •(,('()III("(I'V _lll([ I St, (,,()ll([I(,i()ll,"'; all([ (rllal'a('(,("I'lS(,iC Ill[Ol'_lC(,iOll '['illlCS

l';xl)eri1_l('nt ilyd ro_;en Burned (gul-moles)

l)a,taI k'!!'3I,(',0 !:{_
scaled gt,otn and

r,s'l,,:v" rs_,:7'/rox rs+,:V'/rH'r all Ts

lET-1R I( 0/().26 0/0._6 0/0.2(; 0/()._6 0/0._6
IE'I'-3 3.50 ,1.50/6.52 2.1,1/3.96 2.32/,1.63 3.72/5.26 3.S4/(i.()2
ll,,;'l'-(i 4.22 4.39/6.24 2.09/3.97 2.30/,1.43 3.33/,1.96 3.(il/5.63

_ft'om gas grab bottle samples at 3()mirL
_(actual values at 2()s)/ (assunling only stea, m/meta, I reactions)
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SNI,/IET-7 than in SNI,/II'71'-i and SNI,/II"/r-IIL while the ca.lculatiotls consist(,ntlv

sllow ttlore hydrog+'n produ(tion in ,'-;Nl,/ll':'l'-I aud SNI,/IIiTI'-IR thau in the later tests.

(The difference is not sitnply (lti(, to hydrogen cotnt)llsl, ion differ+,nces, I)(,(:alls(, the' cottl+

parisons for SNI,/IE'I'-3 and SNI,/IE'I'-5 do riot fit. sttch a sinll)le trelld.) Also, l ll+"l e.sl

(iata show ltlore hydrogen Imrwwd ill ANL/II']'I'-6 than iu ANI,/IE'F-3, whilr the calcula-

lions consistently show the opposile, althollgll tile difference' is ¢lllite snlall, a.d cotll<! b('

due to slow, late-time cotnbllslion of hydrogetl; similar compa.risotls for tile larger-scale

,";NI, t,('st,s arid analyses stlow a simila, r trend cO;nlmriug SNI,/II'71'-3 an(! SNI,/IE'I'-6,

l:)ttt not when c'onlf)aring SNL/IET-4 aJid SNI,/IE'I'-7 (also a pair witllollt aJl(! wiIll pre-

existing hydrogen, but wilh the additiou of I)asenwnt cotl(hmsa, te wafer). ,(';calitlg cases

wllicll predicted peak vessel pressures itl reasonable agreement with test data l_r¢'di¢'l¢,d

tnore hydrogen t)rotluc'tion that_ n_easured, (,Slwcially for ANI,/IET-II¢I¢, while s<,a.ling

(:as(+'.,.+tl_at predictetl p(,ak vessel l)rt+,ssures ,,,;ignilicantly lower than ol)s(,rv('(! (lata l)r('(ii('I(,(I

al)()ut the right a.|Iloll]|[; of hy(lroget_ l)ro(lt_('tiot+_.

Note tha! tl_ese results t('nd to (:onfirtt_ l,]_e eXl)eri_t_<,t_tal obs(,rw_tiot_ t,l_at l)('II

(,t_ergy-trat_,,-;fer efli('ietwy is gr('ater at.. ,,-;n_aller scale (bt+,('at_se we it_('lt_(h, tiw eff(,('l,,+of

the relatively larger steatn t)low(lown so_lr('(' +,u_dtheir mass in A NI,/II']'I'-I I_l't (otl_l,ar(,(i

to SNI,/II:,T-1 and SNL/II']T-II_), and that lh('r(, is less l_ress_rizalion <tu(' to to'(trog('t_
combustion at smaller scale.

8.4 Varying Hydrogen Combustion Parameters

As (l(,s('ril)(,(l in Se('tiot_s 3.1 atl(! 7.1, it_ tlw t_ajority ()f o_lr SNI.,/II':'I' m_alysis ('al('_-

latiot_s, the bt_rt_ package wa,'.; a(rtiw-_le(l. ]l()wew,r, I)t_t't_.,+w(,r(' :-;t_l)l_r(,s.'.+(,(lin all c(.,t_tro]

volttme,'-+ex('el)t lhe vessel (lotto('; this was t)as(,(l Ul)on tlw ('Xl_('t'it_wtltal (,I,.'-+('rvali(_tltllat

a j('t oi" Io:(lroget_ l)t'o(ltw(,(l by +'.;l('an_t,l(_,,v(l(.,',,','i_at_(l (l('l)t'i.'-;(_xi(lati(_tl bt_t't_(,<l,t.,.+it v(,tlt(+.(i

al)set_c(, of igt_it.ers was s('t to a l_y(tr()g¢,n n_ol(' ft'a('li(_tl of 0.0, t)_l. tl_(' ('()_tli)_st iot_ ('o_;_-

l)l(:t<'n('ss was also set to 0.(): this l)r(,vent._ t}_(, l)ttrt_it_g ()f any l)re-exisli_g l_v(lr()g(u_, I)_ll

all()w,_ I)_rnit_g of aJ_y a(l(titi(mal hy(lr()getl g(,ll(,ral(,([ (ll_rit_g tlw Ill)ME. 'l'l_i,_ was I)as(,(l

t_l)On th(' eXl)(,rin+(,t_tal ()bservation t llal ill<, l)t'('-exisli_g }O'(It'og('_+]+liar l)llrll(,(l (li(l t_()l

l)ttrn (m a titn(' .,-;('alethat l_a(la siglti[icant in+l)a('t (,tl tlt(, l><,akl>r(,,'-;s_r('. 'l'l;i,'-+l_arti(;_lar

('(+t'_ll)it_atit_l ()1'itll)tXl wa,'-;f()tl_(l to l)t't).rltt(:(' r(,a,,.+otlal_l+'agr('('t_l(,l_t,witll t<'sl ,fat a itl all ill<'

l:10-s('ale ,<';NI+/II'71'(,Xl>('ritlt<ults atlalyz(,(l, as (lis('_,,.+,'-;(,(lit_ B('('ti(>tt 7.1 wlti('ll l)r<',,-;(,nl(,(l

t'('s_It+sof s('nsitivity st_(li('s llsit_g ()tiler l)(),'-+sil>l('l>_t't_-im(kag(, itil)t_t s<'ttit_gs.

1'h(' r<'st_lt,'-;of' l)ol]_ ()tlt" oWtl. li_it('<l review ()f tl_(' facility an(l (lata m(,alal,ilitv (S_'('-

liotl S.I) atl(l of Olli"ANI+, t<'st sit_,_lal, iot_s ,'.;('alit_,gfa('ility g(,on_(,t ry (S(,('t+i(,_ _.2) at_(l ('i_at-

a('t('risli(" ittt('t'a('tiott tittles (%('('tiotl 8.3)it_(li('al(' tllat, t t_(, l)t'(,ssl_rizali(_i_ (l_(' t()Io'(lr(,_('t_

('()t_l>_sti()_ is ,'.+ignili('a_tlv less it_ tl_(' stt_all<,r-,'.+('al(,ANI+ fa('ilitv tllatl it_ ill(' larg('r-.,.+('al('

SNI, l(,,,.+t,,.+(('_l_<'('ially giv(,n tl_(, al)l)at'(,t_t ,gt'<,al('r l)r(','-;,'-;_irizali()t_(l_i(, l() I)('II at ._t_all('r
.'-+(:ale),a_d tltat ttl('r<, al)t><,ars to I,<' a gr(,at(,r ('[f('<'l()t"l>r(,-(,xistittg Ily(lr(>u,(,_lit_ the ANI+,

l:40-s('al<, tests t l_at_ it_ tl_(, (,(mttl(,rl_arl %N]+, l:10-,,.+('al(,tests.

119



'l'llere are new'ral ponnil_le coilirilJIltors to the (lifferetlt tly<lro_('tl coitlt)lisl iotl l,(,llavior
al snlaller scales. II is llarder Io keep hy(Irogeil jets l)_Irllillg al slllaller scales l_ecallse

tlle "sallle" cotilbllslion eiler_y r(,lea,s(, rate tleeds i,o lleal Ill) Ilotl-bllrtlill_4 <lilll('ill _a.s
elllraille(l inlo lhe jel Illore guickly al sillaller scale.s, l>ecallse of lllore ral_i(l lllixin_ ali<l

(lillltioil. Also, ill lhis parlicular case, ille di[Fer(,lll asl)eci ratios ill ill(' irWOl'acilili('s ('_5
for llle ANI, vessel alid _-,3for lift, SNI, vessel)lllay l_ro,,'ide relaliv('ly less oxy'_eti in ille

iltllne(lial.e lleig,hl)orhoo_l of ill(' .iel in llle laller, thilllier AN I, vessel.

He_Isilivily slli(lies wen, (lolleill which i lle llydrogell inole l'racli(_ll lilllit for igllil, iotl was
ii_cre_sed froth 0.0 io 0.01, 0.02. 0.0:{, 0.O1 a_l ().05 ill ille ANI, eXl)erilllenl ailalyses

(wiill llle (lefaull valile in ill(' absetlce ali_l l)resetlce of igllilers l)_'ili_40. I0 a.ild ().07,

resl)(,c! ively ). i

Vessel pressllre.s ['or tile slllaller-scale AN I, i(,sls pr_'<licte(l _Isiug sollle of tl_'se higher
hy_Ir(>geli-nlole-fraciioll igllition criteria are sllo,,,,'ll iN l"iglii'e _.4.1, agaill witll l',It, test

, (lala ali_l llle l inff'-s_ ale<l calclilai(,d resulls ali_l l_,sl data. for lhe larger-scale coulil,erl)art
SNI, eXl)erillleilts forcollil)arisoil. (Ill ili(,s(, cal('illaliolls, l li(,cllaracterislic ilileracliou

lilli('s also wet(, scaled l)y lhe lellg,lh faclor, s(_lli_,s(, r_.slills sllo_il_l I)_,,'olllpare(l i o tllose
l_reseute_l in l:igure 8.3.1 usiil_ a 0.0 liv(Irog_,il lilole fraction ignilioll lilllil Io _'valllale

I II(' (,fFecls of using difi'ereul hydrogen igllilioli lii_lils ali_l lli_,r('l'()re <lil['ere_l ai_io_llils
of lly(Irogen cotld)llstioil.) 1'he ,'('suits ili(li('al(' l l_al. as ('Xl)e<'le<l,re<lllciti_ the alllollllt

of lly(Irogell collil)_isl.i_)n does I'_'(lllce llle v(,ssel l)r(,ssilrizali(>ii l)re_licle_l ill :\*'I,/[1'71' 3

experilil(,lilal dala for ,,\N I,/II'71'-:1 ali_l AX I,III'71'-(i.

'l'ables 8.,I.1 alld _._I.'2 colilpare llle aillolllils (_["hy<Ii'oK('li ,gellerale<l ati_l l_irIl(,<l.

resp(,<'tivel.y, ill tile ANI, slilall-scale lesl silllillalioil.s for all IIi(' lly(Ir(>_,,i-collibllsli(_ll
iguilioli-linlil variati()lls <'<)llsi(h'red so far. :\s ('Xl)('('i_'<l, chali_4ili_4 i li_, llv,lro_'ll li_(,l_'

l ioll of (lebris, bul Ill<' Itvdro_4ell colllbilsli<_ll l>re(licle_l _Irol)S off as l li<, llv<Ir()_'il Iii(_I_'

Inelit ou peak vessel pr(,ssili'izaliotl seetll I() _iw' i_o lillle lly<Ir(_gei_l)_iri_, l_ill l liis illay I)(.

ill l tlese allalvses.

No _dditional work was dolle altellil)lilig Io ilicrease ille ]ale-l, illle l,ilrll ail_I/l(_r ili_'
l_urn of l)I'e-existillg fry<Ironers.

8.5 Varying Convective Heat Transfer

In ollr firsl set of cal('illai ions tl(,ne ForI Ii_,.'slllall(,r-s<'al(' ANI, l_'sis, IIi(, f_('ilil,v _:.,,li_,,-
try (if llot (,xl)licii lyspe(,ifi('(l ill tile lestdata r(,l)orls ) wa.'-;.silill)ly a_l.i_si(,_las al_l_r(_l_rial_.
t)V the (lifr(,reilce ili scale ['aclor i:lelw('eii l tie l,,v(Jt'a('iliii('s (/.<., l/.l f(ir tl(,iglil s (Jr I(,il_;l tis.
l/lt'i for flow areas oi" surface al'('_'lS), 'l'ti_' voililli(" flow ai'(,as, wllicli llad I)et',li i'_,<lil(:(,<!

I,o ol)laili vollllrl¢' velocilies lllOr(, ctiaraclei'i,glic of i lie l iirl_lilelil COli(lili(>li,s l lial iliigtil
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Figure 8.4.1. S(';fl(,(l V(,,_._(,Il)r(,,_,_r(,,_ f()l"SNI, _lx_l ANI_ ('()):vli('l'l)_)'( 11'71'
l'_×l)('I';lll('_It,_l'._illg l lv(Iv'()_(')i XI()I(' l:r_('(i()Ii Igvli( io)_ l,ii_li(,_ ()l' 0.()I

(i:l)l)('r l(,l'l ), ().()J (_ll)l)(') ri_ll(), ().():}(l()w('r l(,l't ) $11i(l(}.(),I (l()w('r)'i_l_t )
I'()) il_(, ,r\Nl, l'ixl)('rivv)('i_1Si))_l;_li()l_,_ V_l')'ivi_; ll)'(Iv'()_(,:i ('()i)_l),:,_ti())l
!)_-il'_t I i i(,1 (,r.,.;
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Table 8.4.1. Hydrogen Generation ['or the ANL/IET Experiments- Varyillg
I "(Hydrogen (.,onlbtlSLl)II Pa,ra,meters

Experi merit ltyd rogen Prod uced (gin-moles)
l)a,t,at MI_LC,OR,_

ignition Xll 2 --

0.0 0.0 l 0.02 0.03 0.0,1 0.05

II  -,RR 4.0 6.5S/6.336..%/6.,%6.SS/6.3: 6.S5/6.33
lli;T-3 4.65 5.00/7.(}9 5.0(}/7.09 5.(}(}/7.(}9 5.0(}/7.09 5.0(}/7.09 5.(}0/7.09

IET-6 4.89 5.01/6.95 5.01/6.95 5.01/6.95 5.01/6.95 5.(}I/6.95 5.01/6.95

If tom gas gra,b t)ottle samples a,t 30rain
::[:(a,ctual values at 2(}s)/ (assu ruing only steam/metal rea,ctiolls)

Table 8.4.2. Hydrogen (_,ombustion for the ANI_/IET l;xi)'(',timents" Varying
_ 'ttydrogen Combu:tmn Paranleters

l',xl)erl then t ltyd rog(m I) rod uced (gnl-moles)
I) at:a'f ME I_('O R:[:

ignition art2 =
().0 0.01 0.02 0.03 0.04 0.05

, IF;T- 11/R - 0/0.26 0/0.26 0/0.26 0/0.26 0/0.26 0/0.26

IET-3 3.50 3.84/6.02 2.92/5.12 1.95/4.25 0.85/3.21 (}/2.39 0/2.39

II!;T-6 4.22 3.61/5.63 3.61/5.63 3.61/5,63 2.78/4.87 2.01/4.12 1.98/4.10

tfronl gas grab bottle Saml)les at 30rain
_t(a,ctuM values at 20s)/(assuming only steam/metM rea,ctions)
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t)e expected during HPMIi.;, and the associated l,urblllenl lJeat trallsl'er to str_lctllres (as

discussed in Sections 3.1 and 7.2), also were scaled I)y 1/16 froln l,ll(, inpllt valll<;s iIsed
for l,he l:10-s(:ale SNL test analyses.

Tile results for the ANI,/IET-1I{R i.est simulati()11s Ilsing tllose ar<,a-s<'ale(l v()lllm(,

flow areas (given in Sections 8.2 and 8.+1)ha(l to()lil, l,le w:ssel l)ressllrizal, ioli calculal, e(l

due I,o direcl, containnmnl, heating, one possil)le colll,ribul,or I,o whi<:]l ('otll(l t)e too _lluch

heal, tra.i_sfer t,o strucl;tlres. A set of cal('uIal, ions was (lorle assllllliTIg l.he('onvet:tiv(,,

l,url)ule_ll, heat transfer coef[i<:ield, scaled wilh lengl, h (i.e., with t)oun(lary layer l,hi(:klless)

ral, her than wil,h area,, so thai, the user-iIlpul, volunle flow areas for tile l:40-s('ale ANI,

exl)erinlellt simulations were scaled by l/,l from l,Ii<:i_lI)ut values used for l,IleI:10-scale
SNI, l,(,.sl,allalyses.

Figure 8.5.1 gives predi<'ted vessel l)ressures for the slnaller-scale ANI_ l,est, s, calcu-

laled _lsing volume flow areas scaled by tile 1/4 length factor rather than I)y the 1/16 area

factor, l,ogel, ller with l,lle test data and t,lw corresl)on(ling 1.ime-s<'aled ca,l(:ulated results

and test data for 1,he larger-scale counterl)art SNI, <_xl)erimenl, s for co1111m.rison. (111these

calculations, tile characteristi<" interaction times also were scale<! t)y 1,11('letlgl, h fa<:l,or, so

tllese results should be co,hi)areal to lhose l)resenl,ed in Figure 8.3.4 to evalua,l,e the efDct, s

of _sing different volun_e flow areas, velocities and co_veclive heal, transfer coefli<:i<',_ll.s.)

The l)eak l)ressurizal, ion predicted in l,his case for all l,hre<: ANI,/IET exl)eri_ne_t si_nu-

la,tio_ls is sig_lifi<'a_l, ly greater than either tesl data, or the SNI,/IE'I' <:al<'ulal,ed resull, s.

These resull,s, wl_ich l,ogel, lwr wil,]_ ihose i_ Figure 8.3.,1 bound the ANI,/II';T-II{I{ (lata,

suggest l,hat sortie of l,}le "_issing" exl, ra l)ress_rization due to t)(',H al, s_lall scale (i.e'.,

i_ ANI,/II';T-I I{R) may b(, due to <liffere_l<,es in Ileal, l,rallsf(,r 1;O sl, rll('l, llres a,l, smaller

and at larger scale.

8.6 Varying Recirculation Flow

'l'l_e input n_od<:l i_t our l:10-s(:ale SNI,/IF, T test a,nalys<-:s i)rovi<t(:d flow i)aths for

sl,ra.igl_l,flowthroughI'ron_the st(.'.an_a.c(:u_nulatorI,othe cavityand chute thr<)_ghl,I_e

(l_l)ed-tog<'l, her ) sub<:ompartments to the vessel do_ne, and a,lso for recircl_lation fr()_

1,he ul)p<'r dome to the subcompartn_ents. 'l'he area of the recir<:_lalio_l [low pal, h was set,

i,o 10% of l.he area of tile straighl,-tl_rough [low path from tile sul)c<)_ll)arl,_ne_lts to tile

<lo_ne, based ui)o_ the results of sensitivity sl;u(ties (as dis<:ussed i_1Section,s 3.1 and 7.3).

In our fir.,;l, set of (:al<:_llations (l()i_e for 1,1_('s_naller-s(:ale ANI, l,ests, tlw <:orresl)o_ding

recir<:ulation t|ow pal, h area (as all ol,her flow i)ath areas excel)l, tl_e sl,(.'.a,_ blowdow_ valve
area) was simt)ly adjusl, ed ])y the difl'erence in scale, facl,or between the.two facilities, i.e.,

1/1 6 for flow areas, q'he.re is no reason to l)e.lieve l,hal, l,he recirc_lal, io_ l>al,l,ern is i(le_ll,i(:al

in l.he two facilities, especially given the difference in a,sl>e<:t ral, i<) i_l the two facilities

(,--,5 for the ANI, vessel and ,--3 for the SNI, vessel). Therefore, sensitivity studies were

<lone t'or the ANL tesl, silnula.tions with that recirculation flow 1)al,ll area increased an<l
decreased by a fa(:tor of 10.

Vessel pressures for the smaller-scale ANL tesl, s predicted ass_n_i_g I)otIi reduced

and in(:,reased re(:iI'cl_lation flows are deI)icted in I"igure 8.6.1, a,gaix_ witl_ 1,he l,esl, (lat, a

123



2OO

0 1 2 3 4 5Scaled Time (s)
lET Tests -- scale geom and faus, big volA

FKDJDIFNN 6/11/93 09:37:23 MELCOR SUN
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and the ¢'orresponding l,lme-sca, led ca,lcula,led resull, s and i,<'si, ¢l_l,a for i,he larger-scale

couni,erl)arl,SNL experinwntsforc.otliIm,rison.(lu the:s<:carl¢:tllat,ions,l,he characl,erislic

inl,eraci,ion i,itnesalsowere s¢:a,I¢'_Ihy t,ll¢,leilgl;hfa,+'i,or,so i,hese result,s sIlouldI_¢,COtll-

pared i,othose presenl,ed in I:igttre8.3.4i,o¢'va,lua.l.ei,h<"+,II'¢'¢'Isof a,ssul_litlg<Iifl'erent,
recirculat, iot+ [low a.rea.s.) There is lit.i;le chatlg¢, in l+¢'ak l)res,'.+ttrizal.iotl l>t'edict,<:d in i,liis

<::vs<:for all i,hree ANL/II!TF eXl)eritt1¢+tlt,sitnttla.i, ions, l+lll, t,llere is a. s;ll)si, a.ni,ial +,t_ange

in l,lle stll:)se<:lUetli,drol>of[" ral.e, with tTtore ra.l)id del)r<,s,,+tlrizal.iotl <:+Ictlla.i,ed wit,h tnore

recit'culai.iot+ a.sstlrned. WI_IIe a recirculat, ion flow a.rea e¢lual i,o lh<' original flow area.

from i,he sul)compari, rnerli, s i.o i,lle donle is ol->viotlsly I,oo big, t.he l)t'essllr<P drOl+Off ra.t,e

in i,he AN I+dai, a. cl¢:arly wo_lld 1+¢,r+mi,ched bel.i,er l)y a,ssltnling a recirctllal.iotl flow area

grea.i.er i.},a.wtthe 10% a.sstlnw<l it_ the SNI+ exp<'rit_teni, a_,alym¢'s.
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9 Time Step Effects and Machine Dependency

There has been a,lot of discilssion recently on numeric eft'cots seen in various MEt,(:OI/

calculations [37], producing either difl'erences in results for the sanle input on differeni,
rnachilws or differei_ces in results when the |lille step tlsed is varied. Sew.'ral calculations
have been done to identify whether any such effects existed in our 1)Ctl lET assessnmnt
analyses.

9.1 Machine Dependencies

The calculations discussed in detail in Section 4, and the majority of our sensitivity
study analyses, were run on a SIJN Sparc2 workstation. The Surtsey SNL/IET ref('rence
calculal.ions were rerun, using the sarne code version (I.8NN), on an IBM I{ISC,-6000
Model 550 workstation, on all tip 755 workstation, on a CRAY Y-MP8/864, and ()11a
50MHz 486 PC.

The predicted vessel pressllres for the SUN, IBM a.nd HP workstation, and (_ray and
PC, calculation sets arc presented in Figures 9.11.1and 9.1.2 for the tests without and
with hydrogen combustion, respectively. Tables 9.1.1 allcl 9.1.2 conlpare the anlounts of
hydrogen generated and burned, respectiwqy, in these equivalent calculations perfornmd
on the various platlbrms. (Exl)erimental data are included for ret_rence.)

There is generally excellent agreement among results generated on these variolls |lard-
ware platforms. The t)iggest difference seen is in the vessel pressurization predicl.ed tk)r
SNI_/IET-1R on the SUN Sl)arc2 workstation (which will 1)eseell irl tire next sllt)sectio_l
to be related to time-step effects); That difference ix still relatively snlali, with no qual-
itative change itl 1)ehavior predicted, and there is no corresponding visible dilfererlce ill
amollnt of hydrogen generated.

Ii'igure 9.1.3 t)resents run limes all(1 tim(, step histories for' (:a.l('ulations ()rl the vat'-
ious platforms for the SNI,/IET-1 a_l(t SNI,/IH'-6 exl)erinlerll sillullations, as tyt)i(,al
results. The three cases witll no lay(trogerl (:olx_l)usti()rl(SNI_/IE'I'-I, SNL/IE'I'-IlI aIi(l

i SNI,/IET-5) always show the tiltle ste 1)rising relatively sllloothly Io lhe Ilser-d('fined rllax-
imllm allowed value; the f()llr cases with hy(lr()ge, (:oznblisli()_ (SNL/II';T-3, SNI_/IICI'-4,
SNL/IF:I'-6 and SNL/II';T-7) always sllow "sawtooth" time step l_istori(,s correlate(! to
b('gi_nings a_d ends of (leflagrations. 'l'l_e S[IN an(! i'(?. are always slowest i_ r_l tinw
required; the IBM, Ill' a_(l (_!ray are all signifi(:a.ntly fasler with tl_e tip l he fastest for
these ar_alyses.

9.2 Time Step Effects

Otherwise identical MEI,(',()It Sl_rtsev. SNI,/II, I"'' (,al('ulatio_s were run o_ a SI;N
Si)ar('2 workstation with the user-it_put maxi,nu_u ailowe(I tinge step progressively set
l,o Is, 0.5s, 0. Is, 0.05s a_(t 0.01s; si_ull, a_,eously, tile initial lithe s.t(p, size ['or Ill )MI!,'
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Table 9.1.1. llydrog_m (lell_'rati(m for ill(' ,SNI,/II:,T Exl)_:rilwl('iils Macllill(,

l)('t)(md_'ncy S(msitivity Stlldy

l:,xl)_'rimerit I! yd rog:,n Prod uced (Kin-inol{,s)
l)atat M I,;I,C.Oll;t

SUN lllM !11} ('.ray I)( j

IF,T-I 233 2_6/26(i 28(i/266 2_li/2ti7 2_6/'266 '2S6/266
IET-III 248 266/267 26fi/267 2(i5/266 2_i5/21'ili 2(16/267

II';T-;i 227 232/352 2:{2/:{50 23:1/353 233/:151 23,1/:15:{
IE'I'-4 303 243/36l 249/366 2,16/36,1 2,16/;i65 '24.1/:i63
lET-5 319 24()/:{13 242/314 240/312 240/31:{ 2.10/;{12
II,;T-6 319 236/354 236/354 235/35.1 2:F{/355 236/:{56
IET-7 274 229/351 229/349 22!)/:{50 22_/:i.19 227/;{,1_

tfrom #4a.sgrab bottl(, saillpl(,s at 30rail}
_(a(:luill va.lu(,sat 20s)/(assuilliilg, only sl(,alll/nl(,l.al r(,a(,tions)

Table 9.1.2. Ma(,llin(, l)(,t)(md('n('y for !tl(' SNI,/II",'I _ l';xl)('rilla('llts Mactlili('

l)('t)_'lld('llcy S(,ilsilivity Sludy

l';xp('rinl(,n! lly(lroK_;il ll_irn(,d (_ln-ln(d,,s)
i)at at M 1",1,('0 !( ,t

S[!N lllM III ) ('ray 1>(,

! I,:T-1 :l o/,i 0/4 0/,i 0/4 o/4
i I,;'1'-ill i i ()/2_ ()/2s o/2s ()/2s (l/2s
I!']'1'-3 190 1S£/313 18(i/;10(i 1S9/;113 IS7/;iI0 lSS/;II2
I]',T-4 240 209/3:i7 212/;13,1 71()/:i;13 211/334 209/332
II,:'r-5 5:1 o/,_)i ()/._i o/f)! o/hi (i/91
ll,','l'-(i :i,15 is2/3o7 lXl/:lo(i is3/:ios l_,t/:lll lX2/:i(if)
II,;'!'-7 323 223/35() 223/:1,1.0 273/;i49 222/:i,19 221/;I,1_

tt'roin _a,sKrat) I)ottl(, Sailllilt,S ;-it. :{()liiili
;I;(ax:lual va,lues at 20,_)/ (assuliiiilt4 only st_'aliilnl_'tal r('acl,iolis)
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Figure 9.1.3. Total l{ull Tinm,_ (t()l)) and 'l'inl(? St<,I) llistori(,s (holt()1_i) for
+SNI,/IF]'I'+I (h'lt)and SNI,/IF,'I' (i (rigl_l)l]xl)<,rit_mnt Ar_alys<,s
Ma<hin(, l)('p('t_(h,tl( y S('nsitivitv Sl11({_,,
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!nil!alien (S(',4607) was l_rogressively set, l,o I x lO-4s (tile defallll,), 5x lO-'Ss, Ix 10-r'',_

5x 10-_;s, ariel Ix 10-_is. ('l'lle baseca.se analyses awld i,lle el, her ,_,Iisilivily sl,lldv calcllla-

l,iolls all use(l a Us('r-illl)lll, 1tla.xillllinl allowed tilne st(q)of Is, and an initial l,inw _l,eI) size

for IlI_ME inii, iat, ion of Ix 10-4s.)

'l'h¢' IJredi('i,ed vessel l)rc'ssllr('s for t,lje bas¢,ca._e arl(l recluc¢'¢l-lirll¢'sl¢'l) calclzlai.ion s¢,l,._
J.,,.'2 for tile lesl, s will_o_li, and willl t_yclro_(,l_ ¢'Ol_lt_l,_-are l_r¢'senW¢l in l"ig_r¢, 9._. 1 an¢l ¢ '_

lion, respecliw,ly. ('l'¢,sl, dai, a are illclud¢,d for reference,.)

'l'iie plot ill l,lle lower let'l of Figure 9.2.1 sllows l,llal lhe diff_'reilc_' ,_¢'eil ii_ ve,_,_el

l_re,_._ilrizal,ion predicled for ,_NI,/II:71'-II/ on l,he ,_I_N %parc_ (i"igllr_' 9.1.1) is due Io

illis l)arti¢'lllar case ilol, havillg coilw,rge_! flllly ell i,lle SI !N; llle r¢,dllce_l l,iille six' l) r¢,sllll s

oil l,ll¢" SIgN agree, w,ry well wilh !tie I_asecase reslllts calclllatx,¢l ell ol,ller plal, l'orlils.

NoW tllal, illosl, of Ill(, oilier exl)erinlelii a,llalyses sllow results coiivei'giilg illuch t,tet, l,er

wil,h reduced l.,ili|(' Slel)S, especially l,lle tlo-I_liril ¢,a,,_es,<'gNI,/IE'I'-I aild .";NI,/II';'i'-5.

Tll¢,re is solileWilai, lllOl'(" tillle-slx'i.I del)en¢leilce t'olili_l ill I,i1¢'cases wilh ilydrogeil I)lii'lls

occlirring, a,s illllsl, ra.led in l:igure 9.2.2 (which is ilol ,_!lrprisiilg). 'l'ti_' _lel)endelice seen

is geilerally illonol,otlic and cotivergilig witll i'e¢lliced l,illle sl,eps. 't'al)le !).2.1 indicates

i llal lllei'e is lie sigiiifica, ilI chailge ill liydrogen l)rodllclioil in aily case as !tie l_illie sh'p is

varie(l, wllile 'l'al)le !).2.2 sllows a iiloNol,onic illcrease in alllOlllil O["tLv¢irogell I)urile¢! as

the l,itlle six' l) is (lecrease<l, eXCel)l, ill tile ,qNI,/IET-7 case.

Tile qllalitalively ¢lifferenl, hehavior found in l,he l,ol,al allloilll!,s of llydt'Og¢'tl calclllaied

Io be I)llrne¢! in !he ,SNI,/IET-7 a,nalyses is also seen earlier in tile III_ME/I)('II transient

period, l"iglire 9.2.3 gives l,he l,i[ne-det_endelli, hydrogen colill_lisl, ioli ill l,ll_, four _'as_'s wil il

hydrogen I)urll (,SN!,/I1'71'-3, S'NI,/11'71'-4, SNI,/11'71'-6 a.n¢i ,_N!,/I!'71'-7), all(t sllows !hat

lhe <,litfer('ilces folilid in lly(Irogen conlt)lisl, ion are noL geuerai, ed durillg tile 1IPNI E l_eriod

(frolll 0 i,o --,,'Is), t)lll, are due ioa slowly-a('('ulillllal, ilig (liv(,rgeil('(' iat,er ill l,illl¢,. The l)loi,s

in l,tlis [iglire sliow !,hal, ill gell('ral, l,lie runs wil,h !,lie larger i,itile slX'l)S (/_I.MA._I')().IS)

llla,y lie{ l)c' ('otivcrge(l I)ul l,he riilis wil, ll siiialler l,illle slx,l)S(5|'MAX _(). IS) arc, convergc(i.
'l)lle ,_NI,/IE'I'-7 case apl)ea,rs I,o t)(' converged eveil al, lhe larger l,iilie six_liSallowed.

'l'oial ruii l,lni(,, and i,inie si,ep lii,_t,ories for ca,lculai, ion,_ iisiiig difl'erelii, l,iI_le six;ll,_ for

i,lie SNI,/IE'I'-I and ,_NI,/IET-111exlierinlenl, sililiilaliolis a,re preselil,e(I ill Fig!ire 9.7.4.
('l'ile correspon(lilig resllll, s t'or ,_NI,/IE'I'--5 are Silllilar 1,ol,}iosc silOWli.) 'i'}iere is liCI sig-

iiificailt., overall (lilN'i'eilce visible in eil,her rill! !,iille or tiliie six;l) hislx)ry I,o exlilaili l,lie

differelice ill predicl, ed vessel l)resslirizai, iou l'Oiliil] in iliis si,iidy for l,}ie ,_NI,/IE'I'-Ill, COli-
¢lil,iolis. Figlire 9.2.5 gives fetal rlltl iilii(,s ail(t l,iliiC six, l) hislx>ries for l,}ie ,';NI,/ll'71'--(i mid

SNI,/II,;'I'-7 calculaiion se!,s. (The correslion(ling resllli,s for SNI_/II']T-3 and SNI,/IE'I'-
4 are Sill!liar I,o l,liose siiowii.) While i,liei'e is I1o sigliilica, lil,, overall dill'el'elite' visible,

in eiIller rllll l,iine or l,inie si,el) hi,_lory !,o exlilaill l,lie ¢ii[t'ei'eliCe in l_redicix'd liydrog¢'ii

conlt)lisl, ion ['ouii(! in l,llis sl,u<ly for l,lle $NI,/IET-7 co!!till, lollS, l,tlese 1)lol,ssliggesl, 1,1ial,,
ill llirec of olir fOllr <_t)tll'll _' ('_Sl'S>l,lie 1,ilil¢' stx'tl colil, l'Ol CaJlSilig l,llil(' sl,eI) re(lucl, ion
ai l,tle slm'l, of tiydrogen t)Iirlls iliay liol i'edilce i,tie l iilie sl,el) sil[t'icielli, ly far or Iolig a
slif[iCielii, ly lolig lieriodl nolx, l,lia!, i,lie liy¢lroleii lilasses I)rediclx'(l Io tie l)llrlie(i in l,lie
rllllS wll, ti snlaller l,illle slx'p Vaill(,S wer(' generally (illil, e Sililila, r, lilust, ral, ilig signili('a,lil,

COllV('rgeliCe when !,lie l,iille si,ep was redliced.
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Figure 9.2.1. x,/(,ss+,ll't'<,sstlr<,s l'(,r l"+Xl)<,rittl+,,il.,.+,';NI+/II"/I'+I (Ul,l)t,r l,,l'l ),

,';NI+/II,;'I' II¢ (l(,w<,, l<,l't)+u_<l,_NI,/II"+'I'-;, (r_i<l+ll+,ri_l_t) 'l'i_<, St<,I)
,("J<'ttsil ix,'il+_" SI _I<l,,'
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. +_ ' ' ILI-3 (upper left+),SNL/IET-4Pigure 9.2.2 Vessel Pres+u['es for l;+xperlntents SNL/ i_""
(Ul)I)er rigl_t,), SNL/I[+ I-6 (lower left,) a,nd SNL/IL, I-7 (lower rigl_t+)
Ti ', *'+, 'tme St,cp a :.usit,ivit,y S u(ly
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Table 9.2.1. ttydrogen Generation for the SNL/IET Extmriments ....Time Step
Sensitivity Study

Experiment Itydrogen Produced (gin-moles)
Datat MELCOR:[:

AtMAX =

ls 0.5s 0.1s 0.05s 0.01s

IICT-1 233 286/266 286/266 286/265 286/265 287/266
IET-IR 248 266/267 265/264 267/266 267/264 267/265

IET-3 227 232/352 231/351 233/353 232/356 233/354
IET-4 303 243/361 244/368 246/364 246/365 245/366

IET-5 319 240/313 240/312 240/313 241/312 242/313
IET-6 319 236/354 237/355 233/354 234/355 237/357

lET-7 27,t 229/351 227/346 226/347 229/350 227/348

tfronl gas grab bottle samples at 30miri

:l:(actuaJ values at; 20s)/(assuming only steam/metal reactions)

Table 9.2.2. tlydrogeri C,olid)ustion for the SNL/II!;T l!;xl)eriments Time Step
Sensitivity Study

Ex peri m(,nt Hyd rogen Burned (gin-moles)
l)ata'f MI_LCOR,_

AtMAX =

Is 0.Ss 0.Is 0.05s 0.0Is

I l!:'r-l 3 0/4 0/4 0/4 0/4 o/,l
ii!;T-IR ll 0/2S 0/28 0/28 0/2S 0/28
ll!;T-3 190 188/307 201/326 221/345 225/351 229/353
IET-,I 240 209/332 222/3,19 236/358 238/36l 241/365

IET-5 5:3 0/91 0/91 01(.)2 0/89 0/91
IET-6 345 182/307 185/310 210/336 215/341 224/350

IET-7 323 223/350 221/346 221/346 223/349 222/348

tfroni gas grab bottle sainples at 301iiin
_(actual values al, 20s)/ (assuniing only steam/metal reactions)
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Figure 9.2.3. Hy(lrogen CombttsLion for l_'_xt)er_rnent,s' SNL/II_e'I-3' (ul_l)er ]eft),
SNL/]L,I-,I (upper right) _Nl,/l[,i-6(Iowerleft) mld NNL/ LI-7
(lower rigllL) '[_i S' ' 'me, _'(,!-)S(,_lsil,ivity Study
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IdELCORAssessment:SNL IET Tests MELCORAssessmont:SHL I['I" Tests
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Figure 9.2.4. Tota,l Run Times (tol)) al_d 'I'il_e Step llistori¢'s (botto_l) l'or
i SNI_/II_ l-1 (left) and SNI,/IF'['-I I{(right)I_xper__ent Analyses

Time _(, I) Sez_sitivitv St truly
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10 Comparison to CONTAIN

S(+<.lal ()t"the l" l0 litl al..... ('" "scah' SNI,/II'VI' CXl)eriilw_llts <l()ll<'ill i.h(, Surts<,y vcss('i tla.w,

I>e(,ll a11alyze<l witll the (',()N'I'AIN <:ode. 'i'll(, (',ON'I'AIN l)('ll lllo¢lel is (tltit< ' ¢lifI'crcult

t't'<>111tile MI,;1,C,OI¢ I:I)I/IlI)MI'; l)(lll rno<lel, I)eitlg a mot<, ¢l('l,aile(I, rn()r(' In¢,<'tlanisti(,

Ireal, I_l('llt ral, ller tllall a 1nor(, <)l)viously l)aJ'aIlwl, ric a,l)proactl.

A lllllnt)er of C,ONTAIN cal<,ulations were (IoIle witll evolvillg versi<)lls ot" 1,[1(,c<)(l('.
'l'lle early SNl,/ll';q'-I a.n<l SNI,/IE'I'-II( l)r(,l,(?sl, ('a/<:lllatiolls were (loll(,' wil.ll ('()N:I'AIN

I. 12 ('il,ec<)IItaizi- l-l)retesl,,('ontain-1 r-l)r<d,esl ,<:ontain-l-i)ostl,(,st,<x)11taiii-l-I)ypass. I)r(,test

<'al<:,_lal,i<,nswere also (lo_e for SNI,/II';'I'-3 [31] at_<lSNI,/II';'I'-5 [32] l_si_g (',()N'I'AIN 1.1'2
i

witll tll(, I1Tl<'<)u<liti<>llalIly<trogeli burn ([J('lll])rlu)<lel ad<le<l, an<l SNI,/IIiTI_-3 i)ostt(,sl.

('al<:tllal, i()ns [33] were I)('rforllw<l using tile n_<)st r<'<,<'_t, diffl_si<>_Ila_w I)_r_ (1)l:ll)a_<!
ln_lk Sl)<)l_ta_eo_s r<,a('tion (i_Sl{), co_nl)usti()ii _o<l(,ls. Ill all ca.s(_s, a _un_l)('r of s(,_-

sitivit.y st_<ly calculatiol_s were <l<)vleevaltlati_g tl_e ell'<:ct:_of vario_ls l)aravv_<,t.(,rs av_¢l

M(>r(' r('(:('_llly, several of tile SNI:/II,;'I' ('Xl)(,ri_l_<:nlsi_llat.ioI_s I_ave I)(,(,_ r<'rl_, wit.t_

r('s_lls l)r(,se_lt(,(! al l h(' (',()N'I'AIN l)e(,r lhwi('w [38]. q'hos(: r(,slllls wet<, ol>lai_l(,<t _lsi_lg a

"sl,an<lar¢l" input l)r(,s<'ril>i.i()n l)ase(l Ul)On prior ('Xl)eri(,_ce [3!)]. MaJly Jill)ill s w<,re <l(,til_(,<t

as <l('s<'ril)ed i_l Al)l>ell<lix I_ of [29]. Tl_e n<,w _<)<lels for v(,ss<,!['ailllrc a._<!I_low(lowll, and

I_od(,Is ['<)r <'avil,y _'nt,v'ait_vv_(,v_l,aJ_<l<lisp<,rsal, wcrcv_'t b<'ivlg assess(,_l; ll('_l(,e, l)l<)w<l<)wl_

rates a ll_! (lel)ris <lisl)ersal t'ra<,tiolls were _nal,cll('(l Io tl_(, (,Xl)<U'il_lelltal r<'sl_ll,s, al_(l (l('l_ris
sombre(,lii_(,-del)C_(le_lce wa,s deriw._! fl'oil_ l,l_e cavity l)ress_rizatio_l llislory i_ order lo

_I_cO_l)le t_cerlainlies in l l_es<,processes fl'o_l ll_c assessil_ent of I)l_el_o_w_a, whict_ w('r('

I)eil_g _(_d_qled. l_article size wa,s ln_ MMI) (_lass _edia_l dia1_l('l,er), ass_l_ing a
Iog_or1_al <tislril_l_tioll with <':.=4. 'Fl_e para_wtric _lodel for _lo_airl)<)n_e (iel_ris was
_lse(l i_ 1.1_(,<'avil.y witl_ an ('fre(:tiv(: l)article size o1"0.0Ira.

A _un_t)(,r o!' se_sil.ivity study results were l>r(,se_l,<,<lin [3,";]. 'l'heresults l_r(.s(,_l(,(l

[3!)], at(,lhos<' ()t>l.ai_l(,d I_si_g <lel'ault l)l:l_ c()_(:el_l,raJ.i(_11s,whi<'h <,orrc('lly l_re<li('t(,_<lll_

<'<)l_l,_sli<)_ for all four Zion SNI,/IE'I' tests a_alyzed. (llow(,v<,r, _()I.(, tllal, II_ ('oI_l)l_sti(>_

ill oth<,r lesl, s, eSl)e(:ially SNI,/_:'_' (_.... -.,, was u_l<l<'rl>r('(li<'te<tby th<, (l(,t'a_ll, r_l<)<lela,_(! t,]lat,
t'urtl_<,r refin<,n_ent i_ <:o1_it)ustio_ cril,eria is still n('('<l(,<t. Also _lot,(r l.llal, 11_<'"sl,a_la.r(l"

<:ase i_ [38] il_volve<! l)ara,_(,ters sel i,o n_ake I)I"B a.lil_osl, _<:ondil, io_lal, wl_i<,l_woul(ll_'l,

work t'or SNI,/II:/I'-5; tllis _m<le litl, le diff(u'ence on tile <)l,t_<'rZi<)_ SNI:/ll';'I' eXl>(wi_l('llts

sillllllat,:"<l (i.,'!. SNI.,/II:'I_-I SNI,/ll,i-3 and SNI,/ll,I-() I)ul. _li<!|llal, l(,r for SNI,/II',I
.<).)

'l'al)l<, 10.1 <:oriel)ares I_l<'a.s_n(.<l'' l)eak vessel l)ress_rcs witi_ results <:al<:_lal,(,d I)5" I)ol,ll
MI,I,(,OI{ at_<l l)y (',ONrI'AIN. (q't_c MEI., .,OR results use(! i_ l,llis s<,(,1.i()_la.rc thos(, fr<)_

l.l_(,r(:f<,r(_<,(' (:al<,tllations <lescril)ed in S(;<:l,i<)1_,l.) Tat)los 10.2 aJ_<l10.3 (:(_l_l)are _wa.s_r(,(!

hy<lr<)g(,l_l)ro(tl_<:i.i<)_a,n<l<:ornl)_lstio_l, resi)e<:l,iw:ly , wil,h (:<>rresl)oI_(lirlg<,al<'lalal.(,<!r('s_lts;

_1oI,(,l.l_at l,ilc hy<lrog(m t>ro<lu<'tioI_ a n(t con_t)ustio_l for ('ON_I'AIN are ('sli_nal,('(l t'r()I_l

l_y<lroge_ a_d ()xyg(u_ _nolar I)ala_l(:es, as is th(: eXl)erinw,_l.a/ <tarl,_l.
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Table 10.1. Pea,k Pressures for the SNL/IET Experinwnts Code Comparison Study

Experiment APMAx (kPa)
l)ata MEI,COR CONTAIN

IET-1 98 84 70.4[271
92[291
92[381

IET-1R 103 102 7!t.5 [28]

IET-3 246 276 101.6 [311§
236.8 [311¶
1:)9[3a]¶
194 [3311_
19,_[38]

IET-5 103 93 7,5 [32]
7,5 [38]

IET-6 279 266 180 [38]

§using DHB (default hydrogen burn)
¶using UCttB (unconditionaJ hydrogen burn)

Busing DFB (diffusion flame burn)
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Table 10.2. lly(Irog('n (_elff'.ra,tion for ttlc SNI,/II!','I' I';xl)crinmnts (,',ode (_onlpa, rison

Si.ll(ly

l:,xl)critnent lly(Irogcn l)ro(lll('e(l (g111-Izlolcs)
l)ata, t M I",I_('_()R._ (',ON'I'AIN

1E'J'-1 233 2s(i/26(_ 173[27]

IE'l'-I 1( 2,18 266/267 220 [28]

l E_I'-5 319 2,1()/313 '221 [32]

2,57 [381

iEl'-(i 31!) 23(i/3.q4 21.5[38]

tfr()lll gas grab I)ot.tlc sal111)lcs at 30111ill

_(a,(q,lla,I va,lllcs)/ (a,sslllning only stea, ln/In(q, aJ rca,ctiolls)

!iltsillg l)lll _,(dei'a.lllthydrogel_ l,urn)
¶usi_g II(',ll I_ (_('()_(liti()na,l IL_'¢Ir()g('_l)_r_)

l.h_sing I)I"I'I aJ_(l I'ISR la,t(,st (:on_l)_stio_ _o_l_,Is
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Table lO.a. llydrogen Combustion for tile SNL/IET Expcriinents Code

Conaparison Study

l,;xperiment llydrogen Burned (grn-nlolcs)

l)atat MI,IA.,O R1: CONTAIN

IET-1 3 0/4 -[27]

_-[2n]
_.[as]

IET-1II 11 O/2S [28]

Ii,;'l'-:l l!J0 2()9/31:_ 37[31]!i

22e[aa]¶
coo[aa]l._
l._0[:ls]l._

lET-,% 53 0/')i [32]
, .;

I E'I'-6 345 22:1/307 120 [38]

Jffroni gas grab Iml, tle sarrll)les al, 30rnin

{(a,ct_al values)/ (assu_i_g only si,ca,z_/rT_cl,al reactions)

¶usiiig i)!!11 ((l(;falllt hydrogeii I)iiril)

!iusing ll(Jlllt (uncondil, iolia] tiydrogcn biirli)
[l)using i)1"It aiid I_ISll, latest coliibiisl, ioli iiiodels
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The results obtained with the two code inodels are generally similar. In partictilar, a

pr :ssur( rise of <_100kPa is calculated for tests with no signiiicant hydrogen colnbustion,

and a larger pressure rise of ,-,2[)0-25(IkPa is obtained for cases with substantial hydrogen

burn. Some other observations on the M I_I,COR- ,()N'I'AIN comparisons taken fronl [:i9]
axe:

1. The (',ONTAIN calcllla, tions indicated t,imt, with a (legl(¢'' ' of debris-steam coh"elcn'' ce_
('t " *r '_equal to that interred from the experimental results, ,ON lAIN und(,rl)redicte(t At )

and II_ production unless substantial contributions from nonairborne (1¢bIl, and/or

co-dispersed cavity water were allowed.

o )ta.ln( d2. CONTAIN sensitivity studies indicated that in,proved a.greenmnt coul(l be ! '" ,

for _I ) in SNL/I Tr-a, SNI411,;q'-5and SNL/IET-6 (but not ncc,'e'ssa,n"'ly SNI,/[ET-

1) if increa.sed nonairl)orne (let)ris interactions (i.e., in l,lw sut)comparlmenl,) or

interaction with co-dist)erse(t water w(,re allowed, relative Io the start(lard input set.
t -1 _ • a ( -1 i's r

This would ow, rpredict tL_ in SNL/IET-I and SNI_/II, I-3, but not in SNL/II_,['-5

an(t SNI,/IET-6. There was no tendency of tnodei assunlptio_ls giving good AI )

results to und:rt)Icdict ll,a resl ' Ne '_ fits; thus, the C,(), TAIN c_dculal, ions do not SUl)t)ort

the possibility that much of the hydrogen production inferred from the gas analyses

represents "late" efl'ects occurring on l.inle scales of Ininul, es ratlmr than secoil(ls.

3. CONTA IN sensitivity stu(lies in(licate(l that substantial init, igation results frowll the

combined effects of heat transfer and inability of all l)(_",H-produce(i hydrogen I,o

burn promptly due to oxygen starvation in the subcoml)artrnent; incoml)l('te (let)ris-

gas equilibration was also a signiiicatfl, mitigation effe'(t, but not as importaiit as

the heat transfer and hydrogen ef['ects in the calculalions.

4. I)Ctt lithe constants calculated by (',ON'['AIN I,ended to be strong fullctions ofi

location a IId tilne during the ewmt. Trapping and heat t.rans[_r time constaiits

tended to be shorter but oxidation t,ittle constants tended to be greater than those

input to MI_,IX,Ot{" llowever, the sigI_ifica_we of longer oxidation ti_ue constants

was reduced by the fact that CONTAIN still _sed nmst of th(' coherent sl.('a_.

5. l)ifl'erences restflting from different ways of evaluating 112 l)ro(tl_(,l,ion a.nd ('om-

bustion are considerably less for CONTAIN than in MEI,(',OI{ I_e('ause _nrea.('l,ed

debris in the ('ONTAIN model doesn't see nearly as _nu(:t_ ()xyge_ as i_ Mli]l,(',()lUs
_nodel.
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11 Code Problems Identified

A llllnlber of code an_l modelling errors and inadeqllacies we.re iderllifietl arid cot'-
n,cted dllring our 1)(',!1 IF,'I' experilnent MI':I,(',()R assessltwwllallal.y.s_,s.Marly of lllese
flaw,l,_'_'lln.,tlilotwdthroughoutlhe text,l_utares_lltllnarizediiii,lliss_,ctiollforeasy
l'efi'rellce.

11.1 Debris Material and Source Input

'1'11('tirsl l)rol)lenl en('(mnier(,d in beginlliilg i,he.sel)(',ll I1'71'eXl)('ritneiil. MF,I,(',()I_
assesslnent analyses was lhat some of the reqllired post-l,llerltlil_' reaction vllal._.rial, (ig',
hi, (',r and hl_O:_) were ,or available a.sinal,erial.s r_'cogllizedby l he new llI'MI': .Iodel
added reck.fitly to 1,lief"I)1 package,i_ MI':I,('OII. I. the origit_al codling, tlw 1"I)I IIi'MI;',
_o(lel o_ly recop..;_izedthe star.lard ('.Oil-package _nal,eria,l.s1;()_, Zr, Zr()_, steel, steel
oxide a._dcontrol rod l_oiso_. 'l'h_.(:AV packagerecognizesall of the slandar_! (_OI{(:'.()N
_uat_;rialsas possible inl)_ts , i_wl_.ling l,he post-i,her_ite n,actio_ tt_aterials, but this was
of _o lwll) in modelli_g debris dispersal to control vol_t_., al,_o._pl_er_,._m_d/or Io heal.
sl,r_cl, ure surfaces. 'l'herebre, AI a,_d AI_():_ were.added as allowed input _ual.erial._i_
the Fl)l IIPME model.

While AI and AI_():_were added as allowed i,l_Ut maWrials in the F1)I IIPMI,: _o(lel,

Fe and (',r w_wenot added as Sel)ara.l.einput n_aWrials because they could already bc
input as constit_tive components of steel (assu_w_lto co_si.stof a n_ixl._rc of F_',Ni, ('r
and (!). li'or user conveni_mceand for co_sisl.enc.y,the Ol)t,io_ai _._erinp_t specilication of
the composition of steel was _novedfrom the C,()I{ package i_l_l, I,o be MI_ ("_ateriai
l)roperties") input; t'or internal seif-co_sistency, the oxidation reaction! _'_'rgy of steel is
then calculated within 1,1.:M I' package for the co_t_po.sil,io_ Sl.,cilied.

At the same tinw, a "sla_d-alo_le" i_p_l capability was added to the !:I)1 ilI_ME
_nodel allowi_g specificatio_ of debris input tl_rougl_ tabular fi_nclion i_l_l, i_ addilio_
to the l)revio_sly-a.vailat)le specitication of _l_bris i_i),t througl_ 'l'l' ("tra nst'er l_rocess'')
l)ackag_'input; the previously-available 'I'P i_put assu_t..d d_.l_risso_rc_.sc(mli_g from
the (',()f:{ package through l.r_tnslation n_atri(,esor fron_(,xt('rnal us('r-sl_e('ifi(,d(lata s(,ts
defined using the I'_I)F ("exl,ernal data til(;")l)a('kag( ' it_ MI':I,('.()il. 'l'h(' sta_(I-aion_'
tabular-fi_nction int)ut (:apa.t)ility ad(l(;(l 1,ol,h(_I"1)I IIt'MI". _o_1(,iallows a _ucl_ _nor(.
us('_r-friendly and convenient format for si)(;('ifi('ation of (l('bris i_l_l., i)arl.i(:_larly for
exl)eri_nent analyses such a,si_ this study.

Our first lET experime.nt _malyseswould frequently ai_ort wil.l_ l.e_l)erature conw,r-
gence failures. After several pal,ches were l,ried, the !"I)! III'MI': 1,ellll)eral, lll'e col_Vel'gellCe
codling waschanged to be much more robust. No co_leaborts d_e to [(_'lllpOl'_ll,lll't' ('orlVl'l'-

gence fail_rcs during IIPME haw' t)c'enseensince, despite l.l_elarge _u_l,er ot'calc_latio_.s
done m_d the wide range of conditio.s _;_cou_tered.
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'l'l.'m' ('arly t:.roi,h'tl,.+wet'<,r('l,orled +..;I)III 10.q7atl<l i)!!11()!)_, ml(! the <:o<1(,n.)difi-
cal i()wl,,.+ittll;,i('tTl('tli,('(!ill w,r,,.+i()llI.NM'_'. '!'1.','.+(,lll_,(lili<'+_tiotl,,.;a,t'<'l,herel't,r<,ill<'l_.l_,diI_ the
r<'l(m.,.;(,w'r.,+k.i ot"MI':I,('()II I._.2 (I.NNM).

11.2 Debris Interaction with Stru('tures

Aft(,r work ()ii 111(,...+(,allaly.'-;('.'+had I.'(,tl itl l)r()gr<.n...+for s()tIl('tilll('., W<'I)(,('al,l<,('()n('<,r_l('(I
al_.()_tt.1_<,i_l<.t'a<'ti()_()t"<l('l)ri.,.+v,.,'itl_ll(,at ..;tr._('t_ir(.:..;.I_ I1.. (,Hgi.al I lI:'MI': _..1<.1+_(l(k'(l
1(, .MI'iI,('()II, auy (h'l)ris iI_t_..<lial(,Iv _l<'l)_).'.+ite<l()t_l() a I_<,al...+i,r_l('l_re(J.l"I+d+('r.,.+(,tI1,.,!
(,._1()a I_(,al ....;l,r_<,t_lr(,('.+.s('_lliallyI(,1'1I t_(,l)rol,l(,i_; l l_('re was _l().,+_l)+.-;(,(l,_(,_itit_t(,ra('li()_
()i" at_y I,:it_(! f()r ltlat (h,t)ri..;, ('xc('l)l I'or (h'cay Ii<'al+i._go1' lll<' .'.+t.l'll('l_lr<,.,.+,ll'fa(_.,. 'l'l,i.'.+

(':-;1)('('i++_llygi'+'(',_MI':I,(!()II's <'_l+,,l_+_si,"+(,_ ,_m,,'.+,',+at_<l(',_<'r_y<'(,tl,,.+(,rvaliot_.l"or (,xatl_l)l(',
11_('I+."k (,f +_t_'t ilet'l_ml itlt(,ra('li(,_l (_!'<l(,l,ris witl_ slrll(,t+llr(,s ('o,_1,1+.lv<,r...+(,lyath,('l I,t_('
al)ilily I(, ('(,rr(,('l.ly i)r(,+ii<'t lal+, li_.. r_'val)(+,rizati(.__)t"v_,lalih, lis.'..+i()t_l)r(,<l,_(+ts.AI...+(),

l,r()(l._<'al)l(' <l_t'it_gIlI'MI': wa., v(,ry t_i_;l_ly(lel)(,_<h._l()t. 11.(.,_.+.(,r-,+,l.'('ili('<iit_ilial (lel)ri.'.+

()t"()xyg.<'l_a_(l/()r slea_navailal,ilil,v or <h,l,ri...+l,('llll)("l'allire all(i/or alllOlllll,. 'i'l_('r(,l'()r(,l wo
tt_ai(,r <'lh,('is w(,r(, lat('r +_I(I<.(Il.()iii<,()rig;i,lal III'M I+:t_,.l('l: l+l_(,h('al+it_goI"I.I_('st t'_('t_r<'
.'.+_rl'a<'('I)_ (l(,l)_)+il+,(ll_()l (h'l,ri_, at,<ll l_(,('o_ll,i_(,+l ()xi<lati()tl ()I'Ill(' <l(,l)(),,.;il+<,<l<l('l)ri,,.+.'l'h('
ll<'al+it_g;(:,I'l,l_('._lt'll<'l,_ll'(' :,+_Irl'a('('l,v <h'F,osit<'(l li(,i ,h'l,,'i._ is <'(,_,l,'(,ll('(ll)y a l,<,al,iml-allNl'('r
('()('[li('i('_l a<l.i,_.';la+l,h,l+l_r(),_,p..;l_S<'ll,'+it+ivity (:()<'[li('i('_l, ii_l);_l , al_(l Ill(' ('(),il.i,_i('(l()xi(lati()i_()I'
ill<' (l('l)(+.'-+il.(,<l(h'l)t'imim('<)t_tr()ll<'<ll)y a ,i._('t'i_il)!_l+.'..;tr_<'ltll'('<,xi<l+-t+l+i()_('llara<'t<,ri.,.+ti("till't('

()I"airl)()rt_(, (l(,l)t'i._). Witll I.I_(,,(,i_il>tll,all(l ('()(li_g;_1o(lili('al,it)ti,'.+,Ill)ME <l(,l)ri._+h,l,(,.,;il+(,(l

l)()t(,nt+iali lll+('l'a ('l, i(H I,'-;.

'1't_('.'.+<'._..1('1 ('nl_a_<'<,t_.,_t.,.+._('(,<h'<lw(,r(, r(,l)ort(,(l a.,.;1)11111:_10,+,u_(!I.t_(,('()(i(, I_.)(liti-

(ali<)t,,,.;i_l)l('t_l<'l_l+('(Ii_l v(,r,,.+i(,t_I.(",P,NN. Not<,l liar l Ill,,.+,.;(,t(,t"(.o<h,('l_a._g(,,,.;is tl(>t ill(:lt_(ie(!
it_ l l_<'r<'l(,a._(,v(,rsi()t_()I'MI+:I,('()II I ' " "._.o (I._NM).

11.3 Hydrogen Combustion during DCH

W(' l'(,_l_(+l<l,_rit_gtl,. ('()_r,'.+(,(,I"ill(,+...+(,at_aly,,.+(,_l.l_al t_()t_-(l(,l'+uill,i,_l),_t,for l+l_(,I'll;l{
l,a('ka_(' wa.'-+r<,<l_ir(,<lit) ttlat('ll l.li(, l_y<It+t)_<:,_l(,()i_lh_t_ti()tll>(,l_avi<;rohs(,rv<,(l i_ l.li(,s(,
<'Xl)('t'itlt<'t_Is.Wl_il<,l.l_i, <,(,_I(II)<,(lot_<,witl_ l.l,<,.'.+ta+l_(l+u'<llit;ll l)a('l_ag(, it_l)l_t,l'()rtl_(,,..+(,
('Xl)(,riltwt_l at_aly._<'+,lh(' ,,;a,_<' i_il)til, _t_o(lili('ati()tl ('o_I<I t_ot I)(' _a,(:](' it_ l)lalll, a_lalys(,s,

, l,('<'a_t.,+<"i.II(' ,_o_-.'.+l+a,_(l+.'(lilil)_tt+wo_l,'l a ll'('('t ill<' r(..,-;l_It.,.;(:al('_tlat(,(l l-)otl_h(,l't)r('+t,_<la,l'l,('r

l l_(' III)M I':l)<'rio(l. ('l'll('m('('Xl)('ri_l,'ill :..+ai_(l a.'.+.'-;o(:ial,<'datlaly,,-+(,.,.+,i_ <:ot_l)ari.'-+oll,<'(,_,i.'.+t<'+(l
of otily ill<, III)M I':l)<'rio<l.) 'l'l_i, l)r()l:,l(,ttlwas ad+Ir(,.,+.,.;(,dl,y l)t'(,vi(li_g _i('w,Ol)ti(Jt_ali_+l)ul.
l>a.ra_ti('t('r_it_ tl_<"l'Ittl{ im<,ka,_<,,('.,+.'.+('illially a llowitlg l l_(,_,('t" t,lJ _l)(,(:il'y()t_<',_('tof ii_l)ul,
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I,(,lJs('(ldllt'ill_ill(,r_'wllaitliwl,_litll('_.'l'llelly(Iro_/,ll('()ilil)li,_l,ion inl)lll(liltiNg,III)MI',is

(let'allll t_) ill(' ilOll-llliXli'; value_ it' ilOf Sl)('('ifi_'(ioiherwi,_e. 'l'tie III)MI '] i>_'i'io(Iill lilly

_iVeli C()lll rol voliiliie i_ ill, ilile i)ei'io(l wiiich ,_ati,_fie,_ COli.qtrailitS Oll llliilinililll airl)orlie

(h,l>l'i._ alll()iilil all(l/or (lell._ily, ali<l lellli)el'al, ill'e, all of wlli(:ii cutoll' Vallle,._ ar(' adillstalile

1liroill4}l ,_eii,_il iviiy coefficielll ililiill.

"l'llis is illclli(le(! ill l)lllll:10 i_._a I"I)I/ilI>MI';/I)('II lllodei eliliail(:(,lli(;nl,, aill'l the

co(le llio(li[icalioli,_ ilill)leilleliled ill w'rsion I.SNN. Note that this set of colic chaliles are

liol iiiclll,le(l ili ille release vei'sioil of MI']I,(',()li 1.8.7 (I._NM).

11.4 Additional Output

Wllile slii_l)'ilig r(,sllll.,_ frolll our vai'i()lis (:a.lcula, tiolis, we I'oun(I that i,lier(' were liOt

t'liOilg,}l C(llil, rol fllliCli/;lliS ali(i lJiol, variat)l(,,_ I,() readily ali_rllyZl_,tile }l.y(ll'Og(,il l)r()(lllCl, iOll

1,._ ('Olll!)llsl.ioll ili l.li(, varioll,_ (:a._es. l{('a(,tanl, lll_.iss(,_ ali(t (,ll('l'gi(,s fOl" ()xi(lation Oll

sl.rii('l.lli'¢,s were a(t(l('d _,_ (,()illr()] fiili('l, iolis all(! pl()i, varial)i(,s |,t'J the !:1)I l)a('kage IIPMI';
iii()(lel, Silililar I() l li()s(, alrea(ly lirovi(l(,(l for oxidai.ioli ()t"airl)()l'il(' +l('lii'i,_; l'(';-/('l alil. iiii1.,4_(,.,-;

ali(i ('il('i'gi('s for }lydr(>g>(,li ('ollilili_tion also were ad(le(I a_ ('oiil.rol t'iili(,t, ions ali<l l)lot

vai'ialJl('s Io Ill(' ltl'll pa('kage, wliicii }ia(1 very Iiliiile(l ()Jill>ill _'_tl)al)ilili_,,_ i)ri()r t()Iiie.sl',

()illliill. ('llliali('(,nl('nl,_. 'l'lli,_ wa_ al._o inclll(le(I ill i)llll l:l(i, ali(i ill(' c()(l(' ili()(liti('ali(iiis

illii)l('lii('lit.(xl ill versioli l.tqN N. Noi(' l.}lal t liis s(,1,()t' co(l(, clialig(,,_ i_ i }i('l'('t'(li'(' liol ili('lll([(,(i

ill lli(, r('l(,a._(' v(,rsioii ()f MI';i,('()I{ 1._.7 (I,blNM).

11.5 Debris Heat Transfer

As i_o_(,(!ill _('('l i()li._ 3.1 ali(l " ')_..., lil()si ot" our ('al('ulaiioi_s w(,re l'_lil witii ('olil, roi vollilil(,

flow al'('a,'-; r('(lli('('d I)y fa('lors ()[" 710 ['1"(>I11lll('ir (l('falill t'alll('$, i(i ('llllall(:(' (oliv('('tiv('

}ieat l.ranst'er frolii file ('()nlr()l vOlillli(' alil_()sl)ll(,i'('s 1() l,li(' ii(,al sl, i'li('lllr(, Slii'l'a('('s. 'l'}i('

('OliVective }i("al i ran._l'('r wii_ ('illiaii('('(I I.o _i('('Olllil. for S()lll(' l)()l('iil ial llli,_siii_ }i('al trailsl'er
ili(,('hanisiii,_ an(l (,fr<,<,t,,_.

l:ir,_l, l)relilniliary (,al('lllali()ii,_ _il()we<! tllal tli(, flow l)r(,(li('i(,(! ltil'Oilg, ti tti(, sysl.(,lii

was l)riliiarily tlial, a,_so('ial('(i witli Ill{' slx,aili I)]ow_lowll olily, []owiiig fr()lll Ill(' sl.(,a,l/i

a(,('liiiilllalor I iiroiigjh i iie cavity aii(i ('hiile voliiili(,s 1,o lti(' _il})('Oliil)arliii(,iit.s ali(l 1,1i(,li I,o

ill(, (Ionic. 'l'lie MI'II,('()II I:I)I/III)Mi,;/I)('II nl()(l(,i (!(>(',_ilot iil()_t('l Iralisi)ort ()l' (l(,lii'i,_

})elw(x'ii ail(! l iir(Jli_}i voiliiile_ })ill in,_lea(l d('l)(J_ii._ lh(, (le})i'i._ <lir(,('tly at ii,,_ nll.ililai,['

(l(,si, iilati()ii, ilSilig l,li(, _;.ilil(' l,ilil(,-(lel)(,n(l(,nt (i(,i)()sil, ioii iii all voliilii(,s i'('gai'dl(',_._ of l,h(,ir

(lislail('e fr()ill tli(, (l(,I)ris _Olll'('(L 'l'}ius, insl(x.t.(! of (l('liri_ })eilit4 l,raii,_l)(irlx,(l inl, o _i,i1 "iil)-
sll'l;alli" voliillie ((,.(]., th(, (:avily (,r lh(, .'-;lll)('()iiil)ai'llii(,lil.,_ ) witli l.lie I>l()wdowli st(,aiii

a,li(i ille l'(,Slllta,lil, a(l(litiollal }i(,alilig axl(liiig to ill(' (lrivillg] I'or('(, i)iisiiing flow t'nrl, li(,r

"(l()wiisl, reaiil" (t.q., t'rolil l ll(' ('avily to llie ('hill,(, or l,lle snl)('oilil)ai'llii(,lil,,_ I,() tti(, (Ioni(;),

i,he MI';I,(',OII I()g;i("(1o(',_ iiol, r(,l)r(,,_(,lil i.tlis additi()nal flow (lriving for(,(' alibi ill ('ontra.st

ho,s (tet)ri,_ appearing "lil),sl, i'(,a,iii" ali(l }lealing l,tl(' al.ili(J,_l)ii(,re ili ill)Sl, realli voiuitl(;s> i1"
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allyt,llitl_C_,ilt,ril,lttirl_a rel,ar_lir1_force,t,ot,lleexl.'cie_lflow.'l'lli,_n',_llli._illlow,'rv_,l_-'-

ilk's, alid in l_lore i_enigll l,llall l,lw l raIisielll, III:'MI': hlow_lowtl acl,llally _'_'llt'rillg; ill l h_,
_,Xl_,I'it11_'tlls,wit ll l,rallSl_orl,ot"Iiot _lehris l,ogel,her will1 ill_, sl_'atll I_low_lov_',_.I)_'_'r_'_si,_g
',,o1_,_. tlow areas t'_'s_lls i_l i_lct'ea,se_!vol_.' velocities _or_' cllara_'leri.,._li_'of 11_'l,_l'-

t'or_'e,Ico_'_'_'_,iio,iheal Ira t_sl'erI,o nl,rt_('ltlr(,s.

!_ a,_l_iilio., i,lw MI':I.('()I{ I"I)I/IiI'MI':/I)(III _o_1_'1,lo_'s _lof _-_'_'_._1for _-.ly radi-
al,io_l dirt's'fly l'ro,_ airl:,or_e &,l,ris l,o s_rro_ndi.g ,'..;ll'_lcl_lr_'s(or t'1"_,__l_'l,_il_'_i _h.l_ris
_lirecl,ly Io at,,_Osl:d_,re). 'l'lwn, is lit,t,le or 1_ocalc_lal_.d al_w_Onl)lwn'-,_l r_lcl _re ra_lia,l,i_),,
i_eal ira_st'er early i_ ll_,s_' l,ra._si_'_l,s(eXCel;,l,11':'1'-5),I_'_'a_,_,M I':I,('()I:I _._ly ('_._si_l_'_'s
ra(lia.l,io_ twat l.ra_,_t'('rI'_r sl(.a_ an(l/or C()_ it_ al,n_Osl)ll('r('.; ill _sl _1'I!_' _'Xl_eri
,ll_._l.._ii_lalio_s ll_en, is very iilll_' slea,_ l)res_.i_l,early i_ l l_e tt'a_lsi(,lll, I_eca_s_'ally
I,l_,.vdow_,_1_'_ is co_s._.._l i_ _l_.b_'isoxi_lalion sool_afh.r arrival, al_l v_.r)' lil l I_'(,'()e,
l)re.'.;ei_t,al,all (ex('el:,l il_ 11".'!'-5).'1'1., la_'kof sl,_,alt_a_l(I/(_r('()e i_l II1_'al_sl_ll_,re ,,vo,_l_l
il' a,_vltli_g. _'lll_a_'e ra_liat,io_ Ileal, Iran._t'ert'ro,_ airl_ot't_. _l_'t,i'isIo nll'_l_'llll('s I_'('a_lS_"

l l_,re w_,,ll_t !,_.ill lie al_sorl)lioil il_ l he iill_'rve_i,i.K at,_t_O._l_l_'r_,,lla,_l _'al_'_lati_ls il_

l]_.('a_ls(,i l_en. is _o way i_ MEI.('()I{ 1<,,_<.1_'1ll_in _'ll'_'cl,i_)_ ,_,1_ _'i_'l'_y,,_ay I_' _h'

_'_ll_m_'eal_Osl_tlere-sl,r,lci,_re ra_lial iol_ l_.al, lil'_illSf('l' ill _t'll('l'h]. W('r_'li_'_!_._i_'r_'a,_i,_;

'1'11_.Cal_al_ililv I_ a_li_nl llw vol,l,_le v_'lo('iti_'sll_n_llg,i_ it1_'c_,_ll'_l v_lllil.' tl_)war_'_s
ill or_l_'rIo eill_a_c_,co,lye.el,ivy.Ima,l, I rai_st'_'ri,_ slt'l_cl,_r_'solllv _l_I'i,_ I)('11 wa,_l_r_vi,i_'_l
lllr_,_;l_ ll_'w i_,l_l, il_is l il_' I_, I1.' (',Vll t_ackag_,,a_ldi,_; a s_,_._ilivilv _'_.lfi_'i_'I_ lllal

_'_,_l.rol,.,_,l,_t_e.'i'l_is was il_clt,l_._li,i !)i111l::ll), a_! l h_',_'o_1_._ll_liti_'ali_s ill_i,l_'_,'_l_',l
i_ ,,'_'r,_iol_!.SNN. Note l l_al.l l_is._'I,of _'_1_'cl_a_lg_'sar_._oI ii_'l_l_'_l il_I1_' r_,l,.a._,v_.rsi_ll
(_t'MI':I,('()ll 1.1'.;.2(I._NM).

I low('v('r, i.he (:_.ll)al)ilili(', ()1"i tl(, M !':I,('()I/ 1:!)1/I! I)M I':/I)('!1 ,_l()(l(,1w()_l(l I)(, si_;_lil'-
i('a_llly _',_l_a,_('('(ti_ ,_('_','ai it" I!_(, followi,_ (,lr(,(.ls v,,'(,r(,ar(l(l('(l'

!. ra_lialio_l l_eal,l.ra_sl'_.rI'ro_ airl,orlw _l_'l,risdireclly Io ,nl,rslcl._ll'(',_.

'2. ra_liali_ii lwal, i ra,_,_l'erI'rol_ &,po.ile_t _lel_ri__lire_'lly 1.oal I_lO.l_l_.l'_'.

3. l,i_l_'_l_'la.v.t'or d_,l_ri._h.l)o.il,iot_ to a_'_'o_,llfor dilF_.r_.l_l,i ra_l,_il,_li,_la__,_I'r_._ l ll(.

,1. li.siol_ I_rodu('l rel_,a.set'ro_ _lel_ri__i, <iel_o_il_,_li,_ _r ,_.1,11_._1i,llo a, ca\'il.y (l_ol,
_li_'_:_,_,(Ii_ lt_i,_r_.l_orl,,I_ll, _li._c_s,_,_li. [,10],a_l(li,l_'l,_h.d Ii_.r_,for coll_l_lel,el_ess.
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11.6 Cavity Condensate Water
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12 Summary and Conclusions

'File Mt';I,('_()R colnputer code has been used to analyze several of the lET direct

(:()lll.a.itlnlellt llea,ting exl:)eriments done a,l, 1:10 linear scale in the Surtsey test fa,cility

at Sarl(lia a,lld a.t 1:40 lillea.r scale in tile coriuln-water thernlal interactiolls (CWTI)

(',OIt[';XIT tesl facility at Argonlle National La/)orat, ory. This rel)ort documents the
r(:sull, s ot" those a11a,lyses.

Note tlla.t these M EI,(',OI/, calculations were done as an ol)ell l)osttest study, with

1)o1.11the experimental (lata and CONTAIN results available to gul(l_ the selection of

(,o(le iIll)ut. Most individual t)ara,lneters in our MELCOR input models were not sepa-

rately adjust('(l in each of our MEI, COR lift experinle, nt analyses to best match data for

each in(livi(lllal experiment. Instead, the basic corltrol-volume,/flow-path/heal,-structure

inodel was kel)t the same for all SNI,/IET experiments analyzed, and a single set o1'debris

source, (listribution and interaction time parameters was used for all the SNL/IIi;'I ' ex-

l)erinlc111,s analyzed. The only test-specific changes made were to set the initial l)ressures,

teml)eratures, gas composition, and liquid pool heights to match indivi(lual experiment

initial conditiolis. A si_nila,r approach was taken for the ANI,/II;;'I' alla.lyses.

The processes modelled in the MI);I,(I:Oll FI)I/HPM li;/DCtl nlo(tel include oxidation

()f the nml, allic (lebris conlt)onents in both steam and oxygen, surface deposition of the

airborne debris by trapl)illg or settling, an(t hea.t trallsfer to the atmosphere; first-order

rate e(luations with user-sl)ecilie(l l;ilne constants for oxidation, heat transfer and settling

are used t() determine l,lle rate of each process.

A single set of characteristic interaction times was specified for all the seven o1' l,he

l:10-scale tests analyze(! (SNL/IET-1 through SNL/II';T-7). The dla.racteristic tinles for

settling of debris in the control volume atmospheres ()Ill,()floor heat strllctures were based

upon free-fa,ll tinles for the various volume heights, a,n(! therefore t)roportiona,l to volunle

heights an(1 constant in the various tests; there could be sonic test-to-test variations in

turbulent [low circulation patterns, thermal buoyancy effects, ct,c., but 1,hese were as-

sumed negligil)le. The characteristic oxida, tion and heat transfer tilnes were assume(l to

(lel)end prima,rily on paramet;ers such as average airborne or deposit(xl parti(:le concen-

trations, which in a. given geometry should be approximately constant for identical rot;It

debris and blowdown steam sources such as used in tile tesl, s analyzed.

_l'tl(; characteristic times for oxidation and heat transfer of debris in the control vol-

Utile atmosl)heres , as well as a chara(;teristic tili_e for oxidation of debris del)osited on

heat structures, were selected after a number of iterations in sensitivity studies as givillg

reasonal)le agreelnent with a subset, of test data (in parl.icula, r, vessel pressure, sub-

compartment temperature and hydrogen pro(luction and combustion) in the SNI,/II);T

experimenl,s simulated. Note that there is no reason to assume that the debris sour(;e and

iIiteraction input parameter set used in our reference analyses is unique (i.e., the only set

to provide reasoIlable agreement with the selecte(1 test data). It is also not guarante(,'d
that the iterative i)rocedure followed results in an input parameter set l,hat yields the best

agreement with data,, or agreement with data, for the "correct" reasons (i.e., rel)resenting
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tile a.ctual t)ehavior). For example, t'reezitig sortie of l,he paralneter va,llles early irt this

iteral.ive l)rocess undollbtedly affected the values a,ssuii_ed for other paralnel,ers, lqirther,

exl)erillwlit amt)iguities nla,y have led to incorrect mo(tellitlg a,ssunll)tiolls that would also

a[[ecl, 1;he values cliosen for va,riolis l)aralllel, ers (such as the ('[lara(:terisl, i("oxi(la, l,ioii l,ime,

a.s discusse(l below).

_The results of the MELCOI{ referell(:e (:a,l(:lilatiorls for tile, Surtsey l:10-scale tests

correctly rel)roduce the subdivision of the pressure resl)olise into two rnajor families,

caused by the effect of hy(Iroge, n combusl, ion, as seen in the 1,est (lal,a, witli a pe_k

pressure rise of _,100kPa, dtle to HPME and arl additional pressure rise of ,_150kI)a due

to hydrogen cornbustioll. The results also correctly reproduce t|ie lack of a,liy significant

eft'cots of presellce vs absence of pre-existing hydrogeli or l)resellce 'vs absence of baselnelit
condensate water.

The hydrogen production _md coml)usl, io.n ca,lclilated by MI:.';I,COI{. is generally ill

reasoria.ble agre.einent with l,esl, da,ta (afl,er careful a,d,jllsl,n wnt ()t' l,h(' i:| lJ l{:pa('l(age irll)ut,

a.s des(:ribed below). However, it, is difficult 1,o quailtitatively (:oilll)are the measured all(1

('alculate(l hydrogen production a,nd confl)ustion be(;a,use of tile ha,sic a,ssllllll)l, ioll ma(le

by t,tie experilileriters l,l:lat, all oxygen deplel, ion was (tile to rea.(:l,ioli with hy(lrogen. 'l_tle
ex[)eriiil(:'[lters aSSIIHIO(t ill. t,heir data armlysis l,ilal, d(:l:)ris r(,a('le(t oilly wittl sl.ealil, not

witll |tee oxygeli> wher(_a.sM I!][,(IOt{. a.ssiiltios that oxidaiioll of lii(,l,lJJs witll free oxygell
()c(;urs l)referenl, ia>lly i,o oxi(la.tioli wit|l s|,ealll. Therefor(', l,]il'()llgliotll, l.tiis r('l)orl, , I)airs o|

w-tlu(;s are giV('li for i,]le tly(lrogei1 l)rodu(:tioll alld ('olrli)ilsl.ioll (,ai('lllal('(i t)y MI!]I,(',()I/,
l)r(:s(.'iil,ing bol.ti the acl,.tla] a,lllOtlllts of lly(Irogell (:al('tilal,e(I i.(i tl(, l)r()(lll('(,d I)y I II)ME

sl,ea,in/iilel, al rea('l, ions all(l bill'|led, an(l l,]l(, arllOlllll,s O[' liy(lrogeli pr(idll('(,(l a,lid I)ilrne(l
tha,l, wolll(I 1)e('a.l(:'illa,l,e(.tIlSillg l,lie irlil;ial alld filia,l ()xygell all({ liy(Ir()g('ll lll()l(:'s ['1"Oliil,lle
MI;]I,(.1OIt analyses in l,lle sanie forlliulae as iii l.lie Cxl)erilli(!!il. (la.i,a a.lia.lysis.

'|'lie l,wo sets o| M li]I,(.',()l{, vallleS differ t)y twice l,tie illlllll)er o| lllol¢'s ()[ ()2 (;()ilSlllll("(I

I)y direct lnetal/oxygen reax:tiOliS. "['tiere is lii, tle difl'erelice ['or|lid in tile iiy<trogeu prodiic-

l,ion eva,ilial, e(I lising l,lie exl)erinielil;a.] l)rocedlire a.iid a.ctualiy ca,lculat('d by MEI,(',Oli.

il_ tt_e t(,si,s witl_ little or no free oxyge_l presel_t (i.e., SNI,/II,';r-I a_d SNI,/II",'I'-Ili,);
however, riote l,liat,, for l,liose l,wo tesi,s ali(I for SNl,/II!:'r-5, a,SSlllliiligj all oxygell de-

l)lel,ioll wa,s due to ('Olllt)llS{,iOI/ r(:actiOll with hy(lr()geli (l()es result ill a Slllail Hii-/,ss()f
hydrogeli calculated to I)e 1)utile(l, siinilar I,() l,lie experilil(_lital resillts. Tile h,(:l,lla,I lliol('s
()["li.y(h'()g(m l)rodu(:ed aild t)urne(l i111,tleseM I:']I,(',()R analyses ai)l)(-'a.rgellera,ll.y less I, ilali

lll(-'asllre(1 w_llles, est)(:cia.lly in ttle exl)erilll('lll;s wil,li liy(lrogeli ('(.)llll)llsl, ioll> while, the tiy-

(Irogell l)ro(lllCl, iOli and (:Ollll)llSl,iOll (:al('ulal,('(t Iisilig the exl)erilll('lita, l [)ro('(:dl_lr()ell l,lie
ME.I,(.',OIi r('Sl.llts &r(:' generally great(,r l.llan llleasure(l. Also, l,lie acttl_-l] alllOllllt ()f by-

>, " ' illitia, llvdrogell (:alcula,l,e(t i,o I)e [)rodll( ..(!'(' I)y ..,II,I,(.,()R. is lower in the lests wii, ti oxvgell.. ,.

present (SNI,/IICF-3 tl_rough SNI,/ItiTI'-7) thai_ in the exl)erimew_ts with no signifi(:a_t

oxygen iIiitially I)resenl, (SNL/IICI_-I all(l SNI,/IE'I_-II1). llowever, (leriviilg l,|l(' anlounl:,s
of }iy(lrogen ])rodu(;ed ali(l i)urlled ill i.lie MI']I,(',()R ('al(:llia,l,ions I)y a,ssunliiig tllal, all

oxygell deplel, iorl is l,he r(-'sult of tl,ydr()gerl l)llrllirlg yields gr(:a,l,er lly(irogell pro(lucl, ioll ill

SNIfflIgT-3 throllg|l SNI,/IErI'-7 l,hall ill SNI,/IET-I all(| SNIfflI'71'-lli,, r(.'.Dro(tll('illg tile
treild seell ill the tal)ula.l,ed exl)erinienl, a,] da,l,a.
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Overall, l,tie "correcl," a,nswers are likely l,o lie somewllere bel, ween the two limitillg

assunlpl;ions, li, is unlikely i,hat, there is IIo oxidation of Inetal wit,tl free oxygen ai, all (a,s

assunled ill i,lle e ),' tal a,nalysis " 'xI crllllen protocol). Ilowever, M I,I,(,OI/, would be expex;ted

'"' 's ittl free oxygen vs with st alnto exaggera,l,e the rela, t,ive degree to wllich metal oxldlz(:, w . ' e ,

t)cca.use of the hierarchica, I a,ssllnll)tions in the Ml';l,(',Otl 1;'I)I/III)MI';/I)CIt nlodel and

be.ca.use, in l,he experimelti., l,he debris l,ransport prol)a, bly lags tile steam/hydrogen mix-

t,ure tlow, so l,hal, nol, nlliCli of l,he debris gets 1,o sex' much oxygen, while in the M I:;I,COI{

model l,he debris is imlnedia,l,ely l,ra,nsport,ed 1,o its ultima, te disl, ribul, ion (within a, user-

specified time 1)eriod, ill this case Is) while the sl,eaall blowdown is modelled "tlornl_dlv"

as a transient process ta,kiilg several seconds.

The qua111,ifica,l,ioll of Ilydrogen l)roducl, ion a.n(! conll)tlsl, ion ill tile SNI,/II!71' exper-

Jilllll,se assulning i,hal, all oxygen, deplel, ion wa,s due I,o rea(:l, ion with [lvdrogen., ha,d an

ullforeseen effect on our MEI,(',OI{ analy'ses. Ill I)art, icular, l,tle choice ot'a very stlort

l,irne coiIstanl, for airborne debris oxidation (0.025s in l,tle reference analyses) wa,s driw, i!

I)3, l,ryiiig l,o exl)iicitly xlia.t,(,li l,he rel)orl.c(i liy(lrogeil l)rodllcl, ion a,nd (:olnbusl, ioll (la,l,a;

sellsit ivily stlidy resullis show very little (lifFerrnce ill ca.lculal,e_l I)ress,lres or tenllmral, llres

t'or 0.01s < ro:,, < 0. Is, linearise tile oxidatioil ral,e is essetli, ia,lly litnited by a.vailal)ilil,y of

.'-;l,eanl aticl/or oxygell al, tile short,er clla.racl,eristic itllera.('l+iotl l.illle.s, a.ll(l tile liydrog(,rl

I)rodlicl, ion aild cotllt)listion result.s la.l,er derive(l l't'onl a. lnola.r Imlatlce a.ssuniiilg ollly

sl.earll/lllel, a.I t'ea,ct,ioils (a,s iti tile l,esl, data a tlalysis) is iti bell,e.r agreetlleill, wil, Ii l.e'st (lat,a.

for ca.lcllla.tioils tisillg Iotiger clla.ra.clx,i'isl+ic a,irl)ortle-(lel)ri._ oxi(lal, ioli l,itlms (T,,..,.> ().Is),

wliicll seenls a nlot'e t'easolial,le value 1)a.se_loil physical gt'oliil(Is. ('l'llis (Ioes llot, affect,

a.lly of tile (:ot ill)aral, ive (:()il(:ltlsioils drav,:tl t't'olll i,lle various of,tier setlsil, iviiy slu(lies.)

'I'll(' h.y(lrogeli (:olllbilsl, ioil ol)s(,rve,:l ill 1,ll('se l.e.'.-:l.s(,olll(I liol= 1)e (,al('_lat(_(I ilsiilg I,[1(.

(lefa.llll, I)lirn packag(, iiit_lll., I)e(:ause tim (l(,fa.lllt. igllil, ioll ('ritcria a.r(_ llever sa,l,isfie(I in

l,ll(:se eXl)(',rilnent.s. Inslea.(l, iii tlle Ina.ioril,y of ()lir 11!;'1'a.lialysis cal('tlla.l, iolls, t..l_(,Ilydrog(,il

IIIO1(' ['l'a,(,t, iOll igllil, iotl ('ril,('ri()l_ ill i,lle alJs('il(,(, of igllil.ers was sel l,()0,(), ,,vlli(,ll (ill I.[1(,

a.I)s('l_(:e ()f"(:0) also gives a. (,(_tl_busl.ion coiilpl(,l, eil(,ss (:orr('latioil ",:alll(,of 0.(); ill a(l(lil.ioll,

1)unl wa.s sup!)resse(l ill all ('()lll.rol v()liiliie,._ (,x(:el)l. tile v(:ssel (l¢)lil(,. 'i'llis I)arl, i('lllar

('onll)iila, l,ioll ()t" iill)ut, was t'()uiid I,o i)ro(lll('(_ rea.sollat_l(, a,gr(,('_('_ll v,:il.ti l,e,ql, data ill all

(:a,ses. 111( ('ollll)lisl, ioli (:(_nl)l(,l.e,i_('ss 1)(,ilig sel, l,o 0 l)l'('ve_l,s tile t_tlrIling of ally I_r('-

exisl, illg lly(Ir()g(_li, 1)ill all()v,,,s I)lirniilg of ally' a(l(lil.iollal tly(lrog('_ g(_n('ral,ed (llirillg tll(,

Ill)ME. Sul)t)r(,ssing l)llrll(:x('('pt iil i,h(' (Iolll(, liliilli(:l,:('<l tile (,Xl)(_riill(,lllal I)('lla,vior of a

.iel. tlaiile bltriiilig a.l, l,ll(" ollt.lel, l'r()lll tile sllt)(:()llll)a, rtill(,lll,s I,() tile (Ioill('; I,('_'a.llse lil,l,l('

or il() tly(Ir()gell was g('il(,ralx,d I)y (l(,I)ris (;xi(tal.i()li ill file ,l()nl(, ill ollr analvs('s, ollly

li.y(Irog(_ll a(lve<:l,ed iiltx)l, tle <lotll(, t'r<,tl 1,ll(' slll)('otlll>arllll<,lll, s t)lll'il(,<l, a.n(I oiily <_li1.ll(,
t.illl(' scale ()v(,r wlli('ll it wa,s a(lve('l,('(I illt,o l,h(, (loilie.

(\¥11i1(' l,liese rlOll-Sl,alldar(l ('Ollll)llSli()ll (,ril.('ria. (,()ill(1 t)(' Sl)(,cifi('d willl ill(, sl,a.ll(lar(l
Bill{ l)ackag( ' ilipiil, for l,llese (,Xl)eriiilelil. analyses, 1.lie saiiie ilil)lil, lllo(liti('a.l, ioli colll(I

liof I)e illa(le ill l)lalil, aiialys(,s, t)ecails(, _lie li(Jli-sl,all(lai'<l iiipill. WOlll(I a.l[e(,l, l,lle resllll,s

{'alcllla.l, ed t)olli I)efor(; a.lid M'l(,r 1,tl(, Ill)ME i)criod. 'l'tlis 1)rot)leiil was axldress(,(I I_y
I)r()vi(lilig ll('W_ ()l)i, iolla] ilil>lit ])a, ralll(q,('rs ill ttl(, lll,!l{ l_ax:kag(', (,ss('iil.ially ail()wiilg l,ll(,
iiser I,o Sl)('('it'y Oil(, s('l Of iil])ill, l)araiil(q,(,rs D,) I)e ilS('(I (liii'ili_ l)('l'i()(ls ()[' III'MI'; ali(I
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anoi,llersel,of iiiiml,para.nml,ers I,oI)ellse_Idurillgi,he renla,iningi,ililes.)

Most of our ca.lcul_U,ious were rllnwil,llcorll,rolvolllille_flow _roa.si'e.¢111_<I',l_yl'a.cl,ors

oI'>I0 frorn l,lleirdefa.ull,va,llles,i,oeulia.ilceconvective liea.tl,ra.n,_ferfrom l,llecoillirol

voliiirie a.l,lnosi)lieres I,o l.]ie heal sl, rucl, llro ,Sill'fa.c(;s. (Tile coiil, rol voluille flow a,l'(_as a.r(-)

used only Lo ol)l._-dn volullle w:locii, ies for/lS(_ ill l,}io c+_lcula,l;ion of COllV(,(,t,ivc ]lea.l. l,ri%li,sfer

c.oef[icierll, s; clia.ligillg coill, rol vo]uinc flow ai'e_s does nol, affect flow l)a.Lli ca.lcllla, l,iolis a.l,

all.) 'File conveci, ive liea.i, l,ra.lisfer was eillialice(t for l,wo l'(-.'._l.SOtlS:

Fii'sg, ollr l)relimilia.ry ca.iclllaLions showed l_lia.l, l,lle.. flow l,lirough l,he sTsl,(Hll, in tlicse

ca.lcula.l, ions was prima.rily l;hal, a.ssocia,i,ed with l,he. <sl,e.alil"" biowdown orily,., flowing frorn

the, sl,(:_un a,ceullllilaLor througti i,tle cavity, and chul, e volume,s Lo i,lle, sul)cOilil)a.rt;ilielil, s

and i,hon t,o l,lie dome. Tho M ELC, O I/. FI)I/H PME/I)C',tlrllodel does llol, nio(le] l,ransl)orl,
of debris b_l,w_..n r%ll '('"e 'e d t,[irough volunles bul, instead del)osits Che debris dil :xi, ly a.l, its

!111,i1i1a.l,edesl, i llal, ion, usi iig l,lle sa,me i,i ille-del)elldelll; deposi 1,iOll ill all vol/l lll(:S 1(''.gai' "dlc,'ss"

of i,lieir disl,a.nce from Lhe debris SO/lrce. ThllS> insl, ea.d of del)ris being i,ra,lisporl, ed iril, o

a.ii "upsl;rea.in'" w:)lumc with t,ho biowdown st,earn a.rld i,lle resiill, a.iil, addil,iona.l [icld, ing
_'_ ]_ "I "

a.dding i,o i,lie driving force pustlilig flow fiirl;lier "dowtisl, re.a,rn > the M I,L(,OII. logic does

• _ ,(-_ , _ .... giiOL l(p! .still, l,llis a,ddil, iolial flow driving force a,lld iii coilt, ra.sl, lia,s de.t)ris al)l)earin>"

lipsl, i" .._-tlll a.ild heal, iiig l,he a.l;lliOSpliere ill lll)sLrea.lli voluriios> if a,llvl, liirig conl, ril-)ul, ilig

a, reta,rdiilg force to the exl_ect, ed flow. 'lGlis i'esull, s ill lower _clo_ltic,> a,n_! is lnore

benign i,i-la,Ii t,lie l,r_iisienl, ItPME blowdowll a,cl,lla, lly occurring ill the experinieIll, s> with

i_ra,nsport of lioi, debris l,ogether with the si,eanl blowdowii, l)ecre_silig volulrle flow a.rea,s
le,.""stilled in increa.se.d w_lulne w:locil, ies lrrlore charact,erisl, ic of Lhe l,url)uleilL colidii, ions

lil-lat iilighl, be expeel,ed duririg ttPME, a.rid the a,ssocial,ed l;urt)lilenl, t/r¢_:_l COli_ :(i, lon
hea.i, l,i'a,nsfer Lo sliruc.l, ures.

• ) "I[ii a.ddil, iori, l,Ile MEIX_Ot{ FI)I/HPMt!;/I CH nlode.l does lio{ a,c('Otilil, for a.ny radi-

a,l,ion directly fronl a.irt)orne debris i,o slirrouriding Sl;l'iicl, iires (or from del_osil,e.d det)ris

direcl_ly i,o t:d,iliosp[iere). All, hough ra,di_l, ioll he_d, {ra.n,.tor wl_s iricllidod ill t,lle MEI,(',Otl

inplit, rnod _l, tll:.t( ise e ++ liLt,le.or no ca,icula, i,ed a,t,n+osphere-struci, ure ra.(liaLion heal, I,ra.iisfer

early in l,hese tra,nsients (except in Ibl-,._), bectu_se MI.,I_COI:I. oilly considers radia, l,ion

he_d: l,r_nsfer for si.eam mid/or C()2 in a ,ino, phcl cs. In .IE F-5, some a.l,mospllere-st, rucl, ure

radi_tion heal, l,ra.nsf.i'e ' is c_dcula, l,e.d because of l,he l+lrge atnotint; of C,()2 use<t 1,o inerl, 1,he

sysl,em'. , however,_ irl nlosl, of l,}io tx[)" O.IllllIll," (' sin:lul_tions l,here is ve.ry. ]li,l,l" e:.stea,lll preseril,

eai'iy, in i,he l;ra,nsienl;, ]_e.ci_iise a.Ily blowdowli sl,(_&lll is COtlStllll(..'" "_-|ili debris o×ida,l, ioli soon

a.fl,er re'rival> mid very liti, le C,O_ prosenl, a.l, _11. 'l?he lack of sl,eam a,nd/or (',()2 in Ltlo

a.l,rnosphoro would if a.iiyl, iling entialice ra.diai, iori tiea,i, l;rmisfe.r [rorn airl)oriie debris l,o
nl, :.i'v .ning _l,rriosl)tierc, llmldsi, ruct, uros because l.here would be little a.t)sorpl, ion in Ltie i e"e '

calculai, ions iiidic_.d,e l,tial, l,tiis collld t)e a ,<_ililificailL hea.L Lra,l-lsfer il-iech&riislii> ea,rly ili
l,lie 1,ra.tisienl,. Beca.lise {hO.l'O is rio way iri MEI£',OII. I,O i riodel 1,his effect>{,OO lliIl(:tl Oll-

ergy rll&y t)e deposii;ed ill the a,l,rr/ospllore by the a,irborne debris; beta, use i;here is no

coriveriient, wa,y l,o eril-I_lll(:e a.l,illospliere-sl, rucl;ure radial, ion tleal, l,ransfer in general, we
COIIV.(.i,lVe.reliedollinct'ea.sing• - _,"" hea(,i,ra.nsI'erillsl,e_d i,ohelp roll,orel;h_i;ellergy.

(Again, while this could be done with i,he.si,axldard C,VH I>ackageiiII>Utfor i,hese.

expctiinctll, a,rial,ys ,s, the sa,nl(• " _" " _ e ..... input, tl:lodification could riot, ])e nia(le in planL analyses
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l_.call._e i,lle tlotl-,_l,a._l<la.r+lit,I)lll, wollid a ir<,rt t,he resull,,_ calcllla.t, ed i)oi,ll before awl(!al'l,_.r

l,lle Ill'M! :, l,_'rio<l. '1_11i,_i_rol_letll a l,_o wa,_ a.(ldr(,sm.d i,llroli_ll fleW i.l)Ul, ra,I;a,I;ilil,ie,_,

a(l(lit_ a sellsii, ivil,y _'o_'[fici_'ill.t,o l,ll(, (',VII lmrka_' l,llal, Ol)l,ioll+dly itlllli, il)lir,_ l,llr v()lllt_(,

'1'1_(' M !:.I.(',()!_ I:I)I/IlI'M E/I)(',II ;_o(1(4 do(_.s ilol, t_o(h,I l,ra,tlsiellt, l,ra,nsl;orl of (lebri,_

d(,stit_alio_. MI",i,('()I{ _1,_('._+_,._i_l(' t'lll_rt.ioll for t,l,e l,i,t_'-_l_'i_e_l_l_,_lreof l,t_e _('11,i_l.jer-

t io_ it, all roI_l,rol volt,ttle,_ ai_(I I_ea.t,_l,r,_rl,,Irr,_ i_l rea.lil,y, i,tlr _(',lt, t'ea.rl,es t,l_e,_,_l)cott_-

._i,_l+lya,lla,lyse,_,ate(! 1,1_(,l,i_l_e-d_'pe_l_lei_c(_of t,lle tt_(,ll, a.<l(lil,ioI_ ill i,lle Ml:,l,(',()ll i_l)_l,
was a.<li_,_i,(,(lI,o t_al,cl_ file rat,(, ul" l)re,_s_r(' a,tld l,ettll,et'al._r(' incr(,a,,_(,it_ i,l_e v(_,_el, lta._ed
lll_otl re,+..+_ll,srest_lln For ve,_n(,II_re_,,.+_lr(,, l_y(It'o_g(+'tl_(_ll('+ral, i(_ll a,ll(] _il_cottli)arl_etll, l,etn-
l)et'a.t,_res, our a,tla.l._:s(','-+were t'_t_ wil,h a, _tl<+li.itLje<'l,i(_l l_et'iod (;f Is, wil,h tt_(;,'+t,oI" l,l_(,

+tlj<,('l,iotl o(,('t_rt'itt_ (Itlt'i_l_ l,l_e ser(+_(l l_all' _>l'l,l_a+l,p<,rio(l. 'l'l_i,'+_ l,'+tn<,ll, itLjerl,iotl l)('rio<l

i+ itl r(,a,'-+otla,l+le a.+t'(+(,_tt(,t_l,wil,l_ l,(,,'.+l,ol+_s('rva,l.i()n,,+ill<liratiti& _t_olt,(,_ll)ra,,..;+,++,nl,(,<.la t_d ll_et'-

lllii,(, (,ni,(,ritlg l,ll(, (:a,vil,y t>(,t,w(,(,_0 +Its,+!,---().:'L'+,all(! (l(,l,ri,,-+(+_t,t'ai_l(>t_i, I'ro_ i,h(, (:avit,y

itll,() 1,1_(','-+l_l_('ot_ll)ari,_(;tli,sl_el,we(;_ a,l)()t_t,0.,1,'-;at_(I ().,"+,s.

'I'II<+t,ol,a,l <lel)ri,'+tt_a,,_+<:oll(,('l,(.(l itl i ll(,s('. (:'×l)(,rittl(,lll,,'+, wa,s tl,_tlall,y _r("a|,(,r l,lla.;_ i,h(+

i_it, i+d i,lt(_rtltiL(+(:l+a.rg(, (l_l(, 1,()t_+(,ll,ill_ ()fill(, intl(,r wall o1"l,l_(, ('r_(,il)lr, va.I)oriza.l, io_l ot"

1,11('!'1_,,+il)1(,bran,,+ I)ltl,_, a,t)la,l,i(+tl()t"('otl(,r('t,(, iu l,t_(>(:a,vil,y a i_(I Sl,l't_(,l,_lr(,n,a,ll(l oxi(la.l,i(,_l o1"

_tl(g,alli(: (l(,l)ris. TI_,'+, (l(_+l)ii,("l.li(' ('a,r(.'l'ttl (l_l)li(:ai, i(,t_ of i,l_(>itlil, ia.l l.l_(_rn_ii,(;clla.r',_(,, I,I_<.

(lil['(_t'(+t_l,a,lt+_()_It_i,nof <l('l)ris <:(>ll(,('i,('(ll'rot_ t,ll(; t_(+li,,_et_(;rai,()r a,l_<]l'rott_ l,ll(+'v(,,+-+._('lr(,,'+ull,ill

sonic, _ltl('(,ri,a,irli,y +tl l,ll(, a.(:l,t_alat_+(._lll, a.tl(I ('ottil)osii, iotl (>t'1t_(,]l,itti(,rt,(,(li_l,o i,t_(' vr,'+.'-;(,l.
'l'l_(+ ttlajorit,y of (+'tlt"M I:,I,(I()I_ a_laly,,+r,'.+,'+i_nl)ly ,'.+l_('('+li(+(li,ll<, ot'i&it_a.l l,l_ertt_ii,e (:llar_e

t_+a,,'..+s,tl('_l(,('l,itl_ 1)()1,Iit,l_(+t'(+i,<,tli,iot_ _)I'a._y (l(,l,ri+ i_l t,l_e _tl(+lt,g('_(>ra,l,or a,t_(l l+l_(,+_(l(lil,i(,_

()I' atly d(,l)ris (Itle. i,() tt_('It+i_l_, va.l)(>riza.l;ion, a.l)lat,iot_, a.t_(I/(_r oxi(la.l, iot_. 'I'o <l(,t,(,rt_+itl(+

I,I_(,(,f['(,(,l.oi' l,lle +tLjc(,t,i()tl l_a.,,.+,,-;sotlr(:(, _t_('(+rla,il_t,y, ('al(:ttla+t,ion,,.+w(+t'(,(l(Jn<+va.t'yitlE t,l_(;

tu(,It, ttla.,,-++,.+.As w()t_l(l I)(+ (,Xl>('('t,<+(l,I,Ii(, v<,.'-;,'-+(+ll)r(,,'.+n_r+zai,i()t_ it_ct'(,an(,n .'+li_l_l,ly a,,,.+ttl(Jr_,

t_rlt, tt_a,+,'.+is i.i(,(:l,(,(l(Itlri_l+ t,ll<>Ill'ME; i,l+(+t'(,is al,'-+(,a, s_lalI i_(:r(m,.'+(,itl l)()t,Ii hy(Irog(+_l

l)ro(ltl(:l,i()il a t_(! (:()tttl)usl, io_ wil.II itl(:t'(,anitl_ t_l(+lt,itLi(+('l,ioll a+ttlo_ttit,,all(l a, +_1++_!1itlc:r(,a.,,-;(,

,i ,i '

,";(n,'+_l,ivii,y si,tJ(lie,'+va, r0yitl_ t+ll(' (lel)rin l,('nll)(_rat,ur('. ,,+tl(,,wed,a,,'-+wo_l(i t)(; eXl)e('i,('(l, l,l_a.t,

itl(:rea,.,+itl_(h,.l)ri,,.+l,(+'n_l)('+t'a.l,_lr(,i_l(:t'(m.,'+e.,,+i,il(; v(:','+selt)r('snttre,'+ (:a,l('_lal,('d, I)lil, l++-_,,+very iil,l,l<"

('ff(,(:t, ()t_ (_it,l_('r l,he alnotltil,s of II.yclro,_e_i,_('+net'at;e(!or I)t_rt_(,(I. 'I'll(, (l(,I)rin i,(+_tt_t)(_t'al,tlr(,

va,ria,i,iot_ tla,,,+,t,ll(, ,,+i,rot_,_e,,+l,(_tfe(:i,()tl t,l_e ,,.+til;(:Oml)++ri,tl_(+tlLt,(;1tli)(,t,a,i,_lr(,,,.;l)r(,di(,l,(;d, wit,tl

a. I0001( it_('re.a,'+:ein debris i,('.t_l)(_t'a,t,tlr(,, l)rodu(:it_g a, ,--,5001( itl(:r('+a,s('it_ ,,+til)('ott_l)a,rt,t_<_t_i.

l)(m,k t,("tn l)(;ra,t,urcs.

'I_I_(,M I++I+,(:,O1'[FI)I/III'M l,',/l)(Jll t+_(;,(l(+l(Io(,,,.+.or, _.o(I(4 l,ra,llsi(,ni, i,r+t_sl)()ri, of (l<_l)rim

itil,(+)a,nd t,hrou_h t,tl(; ,,.+y.,+t,e_n,but, ill+_t,(+.ai(l +t_me(lia,i,(4y l)ia,(:('+,,+i,t_(+(h_l)ri,'+a,i, il,s t_li,itna, i,(_

(l(;,,-+Lit_a,l,iot_. 'Flle. d(;I)ris t'ra.('i,ion_ pla,(:e.(l in (,a(:t_(,otll,ro] w)lut_e +:u_(lot_ ca,el+I_eal, si,ru(:i,t_r(,.

,+_.t''('.(:ont,roiled ,,+ol('+ly,I)y t_s(_t"it_l)Ut,. In t+lles(' IE'l' a na,ly,'.+('s,,l,l_(, (! .I)ti,'+,(' ' inje('l,(,d wa.,'+all

I)la,(:(:_(lin va,rious (:ot_t,rol volt_tu(_ a,Ltuo,'+,l)ll<_resa,nd i,l_(,n all()w(,d l,(,,s(.l,l,l(.'' out, ont,o [loor
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Ileal._1r11('tllr<',_:tlod('l,ri_wa._,_l)erifie(lt,ol,edel,O._iled_lir(,rt]y(,t11(,allyll<'a,l,,_t,rll('i,llr('._.

_1't1('(l(,l_t'indinlriblli, iotl wa,_ I<('l_l itl(, natll(, ill ollr MEI,('.()I_ illl_llt for all l.e._i..__-.laly:,',e(l:

llowev('r, i_l _o,_t plalll, anal yse,_,1,11(,rewill I)(, _o e_l_ivale_ll, (iat,a ,set l)rovi(li_,_ ,_i(l-
a_(,(" ol_ Ill)ME _(,It _li,sl,rit,ul, ion. 'I'o evaluat,e 11_.ell'err, of l,l_e (lel_ri,'-;di,'-;tril_ulio_ a,_-

experi_enlal (lebris (li._l,ril)_t, io_ for earll i,(','-;I,wa,s _lse(I, all(I ill wilirll t_o_l, of 1,h('del_ri,_

was l)lare(i eit,l_er i. t,lle ('avily a_d ctlut,(' or i_l 1,1_(:do_e. 'l'l_e _ajor (litl'_,re_lce i,'-;,_'_'t_
for lh(, ra_lc_ll;_l,iot_ with _o,_t of t,i_(.(iel,ris Sl_(,rili('_! t,o _o i_to tl_(' vr,,-;,_rl(Io_e, a w_it_e

low,_ _uore t_i_e t'or oxidat, ioz_arid e,_perially for I_ea,1,l,ratl,_t'er t'ro_ airl)or_(' d(,l_ri,_ 1,o[l_e

al,_nO,_l_l_ere;a,_,_t_in_ _onl of tt_(' (lebri,_ _oe,'-;to t,lle dome re,'-;lllt,_iI_ _l_cl_ I(,,'-;,'-;Ilydro_e_

i_rod_dio, ralr_lated for mo,_l of l,h(' t.e,_l,,,-;becau,_e t,t_e__o,_t, of the del_rin is oxidize_i
I_y tile z'rlal, ivrlv I_r_(' a_lol_l of l're(' oxy,_'_ availal)l(' i_ t,l_(_do_e.

'l'h(, ef['_.(:ls(_t'varyi_l_ t,i le cl_ara,ct,eri,'-;tic del_ri,_illl(,rarl iot_ t it_(,,_v,'(.realso i_w',_lri_ale(l,
\'\:ill_ a very Io11_.h_ra(:t:rri,'-;t ir _irl_or_e _M,ri.'-;oxi(latioll l,il_(', l,l_('overall l_re,_rizat, iol_,

all<l bot l_ tl_e I_y(lro_et_ t)ro(l_lcl,io_ and ro_tll_,_lio_, are all llI_(l('rl_redirled. [lsil_K nl_(_rl(,r

ra_lse i_ all l hes("rases ttle oxidat io_l is _osl, ly li_il,_'_t I,y lhe availal_ilil,y o1"oxyg(,_ all,l/or

Ill(, airl_or_(, (lel)ri,_ rt_arart(,ri,_l i(" I_eal t:ra_,st'er1:i_('; tile (_l_t,rol ','ol_l_r al,z_O,sl)heret(,_l-

1o i_(:r(,a,'-;et]_(_',,'_,_.'..;_'lI_l'('_._z'e,_a_ld te_l)(!z'at,_lr(','-;('_l(,_l_t(',l, a,_well _,_ tile a_.:,_t (_1"

Ilydro_e_l I)otl_ l_rOd_r('d ariel I_r_(.(l; I,_'(a_ln(, t,l_is izlrreases t,t_' a,,'ailal_le I i_(' for I_(_ttl
,,_xi(lalio_l a_(l Ileal, trat_sl'er I,o orr_r.

:\t'trr work o_ 1,he,_ea_aly,'-;r,sI_a,_lI,_,(._i_ l_r(,_r(',_,_for ,_(_t_'1,i_l(', we I_eca_(, ('otl('(,I_l('(I

1o MEI,(',()I_, any debris i_edia, l,('ly d_.posit,ed ont,o a I_.al, slr.cl,_lre or later s(,t,t,]_,_'l
otllo a I|('al, sl,rll(:l,_lre essel_t,ially I('t'l, 1,lie l)rot)le_l; t,tlere wa,s _1os_lbs_,q_enl, il_t,(,.ract,ioi_ _1"

a_ly l,:ind for l,hal (l(.'l_ris, ('xc:(,pl. for (le(:ay tl(.a,l,i_lg()t' 1,11(;,str.(,l,_r(_ ,Slll'fa(,(', 'l'tlis wa.s i(Ir_-

l,ifi('d as a, _na..jor l)(,1,('nlial l)rol)l(_m a,r(_a,, est)('('ialI.y _iv(_ M l']l,(_()ll's (,_t_plla,_i_(,zl _z_a.ns

ai_(l enet'_y (:()ns('rva,l,ion. l:or exa_lll)l('. _ t.l_¢,]a(:k of a._.y l tl(,z'_na.Ii_lt,('ra(:l,ioz_()I"(l(.,bri_ wittl
,'-;l,r_l('l,nz'e.s (:o_ld adv('r_(,ly afl'(.'(:i_file al)ili1,y t,o (:orr(_(:l,ly l)r('(li(:l, lat,(,-l,iz_(, r('Val)(_z'izati(_z_

of vol_l, il(' fi.s,si()_l)ro(ll_(:l._. Al.'-_o,tt_(_lark of a.ny oxi(lal, io. <)t"(l(,l_o_it,('d (l(,I)ri._ n_(.'a_t, t,l_al,

l,hc" l,(_t.at a.r_ol_l, of ll.vdz'og('_ I)ro(l_(,abl(_ (l_ring Ill'ME was v(,ry higllly d('.p('tl(l('.t, oz_

tile _ls(:r-sl)e(rified initial (t(_l)ris (lisi, ribul, i()_l a_(l ()_ t,h('. ('tlara(:l,('ri.sl, i(: sel, t:lirl_ t,im(' (:o_l-

fl_rt,h(,r oxida.l,i(,n, r(:;_a.r(ll(_ of (_xy_jen a.t_(l/or sl.eam a,v_-_ila,bilil,y or (tet)ri_ t,('lnl_(:z'a.l,nt'e

a,d/or a_nou.l. 1'h('r(,for(' two (,ff(_(:l.sw(_re, a(l(l('(I t,o 1,1_(_oz'i_inal III'MI'] _t_o(l(;l: I_(,a,l,
1,ra,nsl'er l,() t;lle ,stru('t._lr(: ,s_rfa(:(' t'rozt_ (l(_l)(_,sil,('dhol, d(,I)rin, a,_l(l 1;he (:o_t,inu(.'d oxi(lat, i(_

of t,tl(_ (l('posit,(:(l (l(_bris. 'File t_('a,t,i_ of t.l_('..stru(;l, ur(_ surl'ac(', l).y (l(,l)o.sil,(.'d hot, (l(;t)ris
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in <'<)tll,r()ll('<lI)y +1II<m,i,l,r+ul,,.;l'<,r('o(,lli<'i(,lll, a<lillnl+l.I)l<'l.llr()tl_ll _<'llnit,iVil,.V <'o<'fli(,i('rll, iil-
!)111+,+ltl<l l.ll(' <'()wll,itlll('(l <)×i(I;_l,it)ll t)t" (.lie <i('l)(),'-;il('<l<h'l)rin in <'()lllr<)ll(,<l I).y +_tln<'r-iWll)lll,
._l.rla('ilir(, ()xi<l+llioll <'ll+u'+l<'t,(,ri_l,i<"I,i111<,(<linl,i|l<'l, I't'()tll +:lwl<llanla_-_ll.yITlll<'ll I()wl,_('rl,ll+Ul i,!1<'
<'ll+ir_wl<,ri,,-;l,i<"l,iill<' i111)111,l'()r <)xi(l+l,li<)ll<)f +lirl)orll<' <h'l)ri,'-;). \,¥il.ll I,I1<','-;<'illl)lat, +ul(I <'()<l-

Ill l,li<'n<'IV/l' ('Xl)<'riill('lll, _ul+llyn('n,l ll(,r<' wll_ _(,_(,r+_llylit l,l(' <,ll'<'<:loll <,il,tl<'r ill<, i)<,+ll_
<,r 111<,I()tl_-l,(,rtll i,r<,nnlariz_-ii,i<)ll +t,ni+ll(,(l<'i)onil.<'(l<l('l)ris ¢'ll+u'_l('t<'risl,i(" <)xi<l_li,i<)li l,illl(' ,,v+ln

li<)gl liill<' I'(,r <l<'l)()_il<'<!<h'l)rin <l<,<'r<mn<'<l,;l_ ,,,,,<,ill<!I)(, <,xi)(,<'t(,<l,I)<,<,+uin(,lll<,r(, lly<lr<,_('ll

+l<'('_llll_al+ll<'nI+t1<,ill 1,11<'1,r+ul.,-;i<,ill,+l,,-;l.ll<' <l<'l)ri,_n<'i,1,1<'<l+lll(I/<)r <h'l)<)nit,<'<l(>ill,t)_Irll<'lllr(,n

+,fill,' n<'+ll<'<)r +l r<,,,v,,-;(,(.()tl<ln()r I<'nn,+in ill(' +lirl)<,l'll<, <l(,I)ri,_i)r<)vi<l<'n+ul i,_llii,ioll n<)llr('<,

N/Iti<'ll t.,r tllim '+I_.<.I+;.t)r <,l[<,<.i?'<)r <l(,l><)nii.<,(l<l<,l)rin ()×i<l+ll.it)tlin l)rulml)ly <l_a<'i,() Ill<,

f;i('t ill+<l. Ill(' '¢+illi(,n<)f <in<J+'.+(.oI" I+Ii<,()l+li('r ilil)tll l)+u'+utl(,l,<,rn_as<,(lill i,li<+MI",I+,(+()I_++til)llt.
w<,r<,+('t+ill ('+u'li<+rn<,tl.'-++t+ivit,ynl,il<ly <',+i+l<'ill+di<)lln,l)<,l'or<+l lli+'-;('II+<'¢'1+w++t++_('I_<I<,,Ii_ t,l_<,
N++II'_I,(+()I_I"I)I/III'M I'+/I)(+II lli<)<l<+'l.:\ l<)tl_<'r('li+u'+_+<,l+<+,rinl,i(' itll.<'l'++ix'l.+<)tl(+ill(<'<'(+)llnl++i+lll.

I'()r ()×i<l+l.l,i<)ll<)1'iiil't)oi'ii(' <l<'lii'in (wlli<'ll wolll(I l>rol)+llily tic>lll()r<, r('il.soll+l.I)l<'()li I>lly,_ic+l,I
_l'<)liii<l+) w()tll(l li+/w, I<'1"I,lti()r<' <h,I)ri+<+ilii()xi<li_<'(l <ltlrili_ i,ll<, firnl, I'<'w ,<_<'<'Oli<ln<)1"l+li()

l.r,:-iliSi<'lil+ii+li<!l+tiiin wolll<i +lllow lii<)r<'+oxi(l+l+l+i<)ii<;)l'<i(,i)o+i1,<,<1<l(,1)l'inlil+l,<'riii 1,1i<,l,r+l.ii+<+;i<,iil..

()xi<li_,illg: I<'_n+-lirl)()rii<' <l('t)l'in wil, liiil l,h<, fil'nl f<'w n('<'<)li(Is_.liil! lli()i'(' <l<,l)onil.(,<l<l<'l)ri+

I+ll('r ill l.li<, l.i'+liini('tll, ('()til<+lii.lno l)<)Ix,iil,i+-illy+l.llow t)ol,li lii#ih t'ii<)li_411lly<tr<)g;<'ilg('li<,r+.l+t,ioii
+iii(I <'<)liiliilnl, itJli +l+li(llow <,li()il_ll v(,nn<,ll)l'<,S+liri:/,i+l.l.ioll+l+li<l,_iil)('<)liil)+il'l,tii(,lll+l,<,liil><,r+i,l,lii'<,n
1,o ill+rl,+'li l,tl<' lli(',:-l,+ilr<'<l1,<',_1.<Ill.l,+<.,wil, tiolil, r<'<liiil'ill _ +l,+I++i.t'g;<'+l.ii ili<'r<'il.+<'ill li<'il.l, l,r+i,li+l'('r
1,<)nl+i'li<,ltlr<,,_(,_.t.i'l.7ili l,li<, 1,r+l.ii,<.;i<,iil,.

_<,v<,l'+.l.l<,<)lliil,(,rl)+l.l'l+i+<,,_l,+i,o i,ll<, i!']'i' (lit<,<-<,<:olil,+l,ililil<,iil, li<!il,l.iiig; (,×l)(,i+ilii(,iil,s (l<)li<,
+i+l,_+l.ii<li+l iii l,ll<, I:i() Iili<,_.ii"n<'+i+l<,,c'Jliri++<,yt'+l.<'ilii,yw<,r<+ i)<,rl'<iriii<,<l,_l,l,ANI, ill l,li(, !:,10
llli<,+l,r ,_<w.l.l(,(I()IIi+]XI'I ' I'+lx:ilii,y, ill +'ill ('Xli<'ritll<'iil,+.l,Ii)ro_l'+l.lll 1,O iliV<'nl,ig;ill.<' l,tl<' <,fr<,<:i,,_

of m:.il,l(, oti I)(',!1 l)ll<,iiOlii(:ii_.l.. 'l'ti<, l'<,nilll,n of l,ti_, i:,10-nr+lle !1':'1' ('Xl)<,i'ilii<,lll, PvlI+:I,(',()ll
niillill+i.l,i<)li,<+w<'r<'_<'ti<'i'+/+llyili(,oii(:lti+iv('. 'I'll(' v<;n,<+<;II)i'<'+nlii'('n l)re+li('l+<,<lili Ollr _NI, iili<l

ANI+ colliit,erl)+:i.rl,-t,<,nl,(:ii.l(,uli/,l,iolin w<_l'<,(lUilx, +ililili.l+r wll<,li I)ol,li l,li<, _('Olii('l,l',V _-I.ii(it,li<'
<:ii+lr+lcl,<'l'i+l,i<:itil,('r+l+<'l,iolil,iili<'n ili l,ti<' VI)I IIi)PVll+]itil)iil, w<'r(, m:'it+l<'<l,Ill<l, l,li(, i,<'+_i,<lil.l,+l

+liow(,<l +t,iillliit:><,i"()1'liOtl-n<'+-il<,<l<'fl'<'cl,n.Ill I)+-ii'li<'lil+li'>t+ll<'r<,nlill,+<)1"l)oi.ll <)iir Iilllii<'<l l'(,vi('v¢

<)t'l,li(+ r+l,<,ilii,y_.l,li<l +l+i,l,_.i+,_<w:i,l_lliilil,y+l,tl(I of <)ilr ANI, i,<,,<+i,_ililill+i,l,i<Jiin nlig;g;<'+ll,lill+l,, ill l,li('
<'×l)<'rilil<qll,+>l,ti<' 1)(_11<qi<,rg>y-l,r+i.ii+t'<,r<+fti+'i('ll<'yi,<+_l'<,+l.l,<,r+l.I,+ililt,ll(,r n+'ill(!, l.li+ll. 1,1i<'r('in
!<'+<_I)r<',<.+<<.;iiri:,';,+l.l,i<)li(lii<' 1,o li.yflr<:)g:(,li<'t:>ilil>ilnl,i<lli ii,l, sili+i,ll<,i' n(,i-i,]<,,+-i.li<ll+li++l+l,I,li(,r<, +l.i)l)<,+l.r,,.i
i,o I)<,n-i._r<,+l,lx,r Nt'+,<:I,of lii'(,.-(,xi,_l,ili<Kliy<lrog]<,ll ili l,li<, ANI, l:'10-n<'+l.l<+i,<,+i,+1,1i+i,il ill l,li<,

('<)illil,<'rl)+:-ii't, ,gNl+ i: 10-+<'+ll<'i.<',_i,._.'l'll<'+<' n<:_-ll<;-<l<:'l)<'ii<l('lil, <lilr<,r<,il<<,,<+_-i,i'(' li()l, r<,lir<J<iti<,<,<l

ill 1,11<'('<)l'l'<'+l)()ll<lill _ MI']I,(',()I/ a.iiltly,<_<,n.()l, ll<'r +<'ii+il,ivil,y nl+tl(li<,,<+ili<li<,+-i.l,<,<lllilll, HOlil(,
()t' l,ll<' _i'<'i:i+l,<+r1)r<,,<4,'-;liri:,',+l.t,i<)li<Ill<,I,o l)(Jll it.l,nlll+l.II ,<-;<ii,l<'<)l)n<,rv<,+lit< 1,11('<'xi)<'riiil<,iil,,<.;I)lil,
<<iili,'-;Sili_>_>itl ()iir MI']I,(',()I/ <,+i,l<:,iilll.l,iolin lli_-I.,vI)<, (Ill<, I,<)<lill'(,i'<'ll<'(,niii li<,_-i.l,l,ri-l.iinl'<,rI,<)



structure:s' at smaller compared to larger scale, that the pressure dropoff rate in the A N I,

data, clearly would be matched better by assuming a recirculation flow a,rea greater tllan
the 10% value assumed in the SNL ' e" eexp_nmmt analyses, and tllat the data for those

tests in which hydrogen combustion occurred could not be Ina,tche¢l by usillg the sa.llle.,
"e ' enon-default hydrogen burn package input that ga,ve good a,gl t m ,111,witll test data for

the l'10-scale test. simulations.

The reference M t,L(,OI/, calculations for the 1"10 linear scale 11';'17experinlents _lone in

the Surlsey vessel have been compared to similar calclllations dolle with the CONTAIN

code, when available. The CONTAIN DCH model is quite different t'ronl l.he MI';L(',OI{,

FDI/HPME I)Ctt model, being a. more detailed, more mechanistic treatlTlellt r_/.ther
than a nlore parametric approach. I)espite tilese differences, t.lle results obtained with

the two code models are generally quite similar: in particular, a pressure rise of _<100kl)a

was calculated by both for tests with no signilic.a,lfl, hydrogen conlbtlsl, ion, and a larger

pressure rise of _200-250k1 a for cases with substantial hydrogeTl l)urn.

-t 'JSevcral calculations have been done to idelltify whel, her any numeric effects exist in

P' ' ' ' , S 'Sour DCH ILl assessment a,laly, t,, producing either differellces ill results on (lifferent

lnachines or differences in results when tile tinle step ust,d is varietl. The SNL/IFYI'

reference ca.lcula_tions were run, using l,he salile code version, on a.n II_M 11ISC-6000 Model

5.50 worksta.tion, on an HP 7,55 workstation, on a S[!N Spare2 workstal.ion, on a. CI{AY

Y-MP8/864, and on a 50MItz 486 PC. l ller¢ is generally excellent agreement among

results generated on these various hardware platfornls. Tile SIIN and P(: were always

slowest in run time required; tlle IBM, lip _md Cray v ",. _et_ all significantly faster with the

HP the fastc,"' ,st for these a.nalys"e".:s In addition, otherwise i¢te,ltica/ MI!;L(I',OR SNI,/IET
calculations e'ew ..t., run on a SI.IN Sparc2 workstatioll witll both the user-input maximum

allowed time step and the initial time step siz"'(' for ItPME initiatioll siinultaneously

reduced by factors of 2, 10, 90 and 100 from the basecase values. The results showed

about half of the SNI,/IEq_ experiment analyses fully conwn'ged for all these time steps,
with the other half demonstrating convergence with reduced tilne steps.
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A MELCOR FDI package HPME/DCH Model

(excerpted from [27])

'l'll(, lgn'l l)isp('rsal lnt(,ra('tions (FI)I)Im('kag(' in MEI,('()ll cai('tllal(,s tile bellavior
of debris in COlll,_lilllll('lll fl'Olll tile tit)m il, is ejected I'r'ott) a I'aile(l reactor l)n'sstlre vessel
tltl(,il tile (,ittl(' it, is del)OSil('(l ill a ¢+avity. l'Ioi+h low l)r('ssur( , tl)(,It, ejectio)1 (I,I)MI",) l't'ol')1

tlm react,or vessel alld lligh i)r<'sSlll'e tll<'ll, ('j('('l i(:,il (II I)M I';) l't'Ol)l tl_(' reactor w,ss<,l ((lit'eel,

cont, a inllm1_t h(mti1_g) at'(' lilt)dolled.

'l'l_e I"I)I Imckage l)ecotllen active wh<,tww'r d('l)ri, ))lal,erial elll,('rs l,lle Imcka,ge via ill<'

MI+;I,(I()II'l'ratisl'er l)t'ocess ('I'I') Im+ckage illt.erl'ace, l)<'l)ri, itlal,erial l,Yl)ically ('tlt('rn (,If<'

'I_P Imcl,:ag(' ill ()it<' of (,Itree ways. lit a r(,a('tor l)latlt accidet_t <'Mctilal, iotl del)rin eI_l,et'n the

'I'I + Imckag<' l'r())t_ tl_(, core ((',()I_) Imckage al'l,er l'ail_r(' oI' 1,I_<'reactor l)r<,ss_re w>ssel ham
beet_ calcttl,-_t< I. It_ a st+t+_ (• '< +l-alot_(' lit'<'<'+,+c,:)t_t,a,it_)t_+,_tl_eal+ing (1)CII)calct_la,(,io_)<:h'l)ris

t)ta,terial is sourced i)_(+o(,I_<,"I'I+ l)ackag(' l'ron+ ('ill_<'r (+al)t_la.rl't_t_cl,iott user inl)u! or a, _s<,r
(,mo_rce lit<' via, t l_e ('xt,<'rl)al <lal,a file (El)l +') imckag( , it_t,(,rl'ace oI' MEI, ,01'I.

After t,lw it_(t'()<l_('tiot_of (l(,l)ris tt_aferial, tile I"I)I Imcl,:a,ge cla,.,.+siliesthe ej,,<'tio_ even(

as (gt,lwr a low or a l_igl_ l)resst_t'(' _)l(,ll ejectio)i ew't_t on 1,II<,basis of the ('.iecl,ion v(,locily

ImSSed t,l_rougl_ t+l_e+I'F' Imckage or _r_ i I +_'g +(' t' l)y lh(' t_ner l'or ntan(l-alot+e I)('II <'alc_lations.

If (I_(' velocity oI' the _t_olt,et_debris <'jecl,e<l l't'ot+_tl_e react,or vessel exceeds a critical

val_(' l)r('s('ril)e(l l)y s("llSiliVil,y ('o(,ili('i('t_l, 4602 ((lol'atllt, valu(' ofi0 )t_/s), or il' l,l_(, tls('r
tram ittv,.)l,:(,d t,l_(, st,a)t(l-al()tt(" ol)t,io_ for l_igl_ l)r('ssttr(, _('It (@ctk)t_ t_to(l('ling, (,het_ t,l_(,

I'_(,I (lisl)<'rsal i))t('ra('tiOllS will I)+' it'('at,(,d l)y t l)(, lligll l)r('sst_t'(' n_od(,l instead oi" tl_(' low

l)re+sttr( • )t_o(M. 'I'I_(' l)arat))('l,ri( - l_igl_ l)t'('ssl_t'(' )))od(,l r('(lUit'es us('r iitl)_l, i,o cot_trol l)o(,h

(.lie (list,ril)ttti,-,)t) of d(,l)t'is (.l_rotLgl_t)ttl. (.l)e cot_l,ait)))_(,t_t, a.t_d (.l)e it_l,('ta(,l,io)) of 1,I)(, l_oi.

d(+,bris wit,l) (,l)e (:'o)itai_t)_(,n(+ att)tO_l)l)(,r<,.

'l'h(, III)MI': t)_o(l(,l (lo('s)_()( i))cltt(l<' a ))_('('l+a)_isticdel)t'is (,ra,)l,'.+l)Or(+t))odel; ratl_(_r, (,l)(,

_,,.+<,rSl)(,cifi<,s a set, (:)I'd(,l)ris (l(,,,.+tit)atiot)s wi(,l_ a corr(,sl)Ot)ditl _ set of l,ra)_sl)or(, frac'tiot)s

tl_a(, l>res('rib(, v,'l)('re t,t_<'('.i('('t.ed debris is a,ss)_t))(,d to go. 'l'ho (h'bris d(:stit)a.tiot)s )))a.y

it_(,l_(l(' th(, at,))_(>Sl)It(,r(,oi' at_y ('.VII ('ot_trol v()lttt)_e, the st_rl'a('e of a,ny h(,a,t sLt'tt('t,ttt'(,

a,)_d caviti(,s &:fine(l l)y (,I_(, (',AV packag('. TI_(, sun) of tile transl)ort (racl, iot)s over a,ll

l,l)e Sl)('cili('d cotlt, rol volut)_e a ttt)ospl)er(,s, hea.( st,rt)+('t,),),rest_rl'a('(+san(l cavities t+_us(;e(:lt)al

one. 'l'rat_sl)()rt of (,lle (:j('c(,('(l (lel)ris t,() its a.sst_t_e(l (l('sl,ina,l,iot_s ()c('urs it_sl,a,nta.neot_sly

witl)t)o it_t(,racl, iot_s occttri))g b('tw('('t_ tl_<, l)oi)_t of ejection and the de,'.+(,inalio)) sit,(',+.+.

As lot_g a,s (,I)(' Ill)ME tnod('l is activ(, (i.e. as lot)g a,s the ('j,,ci, iot_ v(+loci(,y (:xce(,ds 1,I_("

I_I)MI'VIII)ME transition velocity l)rescrib('d l>y sensitivity ('o(>llici('nt 4602 or if the u,'.+(,r

has invoked the st,a,nd-a, lot)(, Ill)ME tnod('l) tlm ej(,ct('d del)ris will be l)a,rtitiotl('d a,tnot)g

the dest, i)_ai,iot)s a.s sp('cifi(:d by (,I)(' (,ra+t_Sl)Or(,t'ra.ctio)_s. Whet_ the ejecl,iot) velocity l'a,lls
below ti_e I,PMI_;/II1)M!!; tra_)sil.io)l velocity h)r non-stand-aloft(, apl)lical, iot_s, any debris

subseguet_tly ejected is 1)assed (,o (,lie. I+i)MI'; _)_o(tel, wllich uses LPM]+; model input
instead of (.l_e ]IPMI: transl)ort n_o(lel to det(,r)t_it)(: (,h(, del)ris destina.tiot), llowever,

debris tha.t was tra.t_Sl_Or(,ed to tit(' !! I)M !'; debris d<'s(,ina.i,ions before the _odel tra, t_sition

o(:ct_red will cotttit_ue to l)e (,r('a+(,(xll)y (.It(, Ill)ME tt+odel.
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all_! II_'al Iravlnt'('r to I I1_'_tltll_l_tl_,l'_' ,_ll_l ll_'_ll sl rllcl lir(' nlirt'i-I__,_,ll,:_w_",,'_'r,_h,l_rin v,'llicl _
in lr_llinl>_n't_'_li<, cnvit}' <l<'_tivl_lti_>tl._is ll_,i t i'_';it('_l t'lil'l tl_,r I_y ill(, l"l)l I>_'k_lt4<':i'_lilib,r,

slll_,s_'_lll_'llt irm,_-Illll_'ill is l_rovi,'l_'d I,,v 111( ,\\ l_l_'],:_ll4_,. .\s i,ill_l('lll_'lli_',_l ill lll_' III'_IE

'l'l_i_l_i'oc_'sninr_,l'_'ri'_,_lio_ ii'al;l)ill_ illX.II']I,('OI{...\It('rli_-ll_i,._,ly,_l_,l_i'i:wllicllilil_,racl.'-i

_ignific_llllIvwit11l.li_._-_ii_onpl_'r<,_l_<>_il<llw no_r<'_'dI_)ili_,_-il)l>rol_i'iai._•colil.i'olv_dlltli_,,ill

whi<ll_i_i_<,t'-_l_'<'ifi_'_ln_,iilillgi,illi_,cotl.,ill-llil,will_l('i_,i'lllili_'t,]i(,r_lix,of_h,po.,iitiolli,otli_,

slwcilir_l._ellliilgd¢,slitlati_il(_'illirra }i_,_-il.ntructilr_,.,-illrl'_-i<'eor _-icavity),llli.'l>i'oc_'_

l:ir._ioi'_l_,ri'_il,_'_'_lllaiioils,,villlli_<,rsp_,cifirdiilli_,cc)ii.,-ilanl_ [oroxi_iat.ioil,heatti'mi_-

<l_'l_osiix'_l_l_,l,i'ininolllycalclilai_'_lifill<'d_'l,rini_,llil>_'i'_-liur,r'_'xc<'_'<l_a valil_,,"I'O.\'MIN,

wlli<,li i,_ a<ljll_i_'<! ll_iil, s_',tlsilivils,' c<)('[[icirlit..160!,l _lll_t ll_s a <l<'f_llli valu<"or (i0()l,_. lr _:_
i>ool <>t"wat<,r _'xi,_t,_ixl th(' rc,aclor cavil+' at t,tl¢, lilllc, ot' _l<'l:>ri_<'jcwiiovl, tllrt_ ill_, vllod_,l

t.lir w,_iler ilii_J the droldC't fi_'ld (fog) of th+' at.ivlo_t)li_'r_'_it. a ratx' l_rOl/ortiorl_ii t,o ilia'
rate o[ ilij('clil)n o[ l li_' <l_,bri._ ililO ihr pool. 'l'llr !)rol)<>riioli_-iiil.} ' ¢:'<)liSlatlt, is a_lju,_i.al_l<'

I ]ll'Oll_li ,_eli_il i'¢il}" coc, llici_'ill lli(),_ ail(l lia._ a drl'allll, vallle o[ 1(). \'V}I(,Ii tile !11'X! !!] illo(l_'l
tir._l inilia.le,_ dir_,cl. Colil aiiiniolil, ileal ili_ iii a Colil.roi vo]ulilr, l.lic, 1"!)I packa.g(', ir<tli_,_l.,_ a

t'alll_lck of l,llr cycl<' i1' i,lie lilile ,_i+,llrxc_,_'d._i.tw l'OCOlllllleli<le_t _l._-ii'l-_ll/valli(, l>i'<',_ci'il_<,d

l>.y ._('ii,_ilivily <'oe[liCielll. ,'1(i07 (witll a <let',liill. value o[ 10-4s). l']Xl_('i'i<,iic¢' tla_ iil<licalx,d

ltl_l t'(ll" ilion{ roali_lic _(:eliario_ l,he rapid t;'×('lll'._iOli_ ill IJl'e._lll'< ' aii_l leilil)eral, ilr(, (:ail,_e_l

I)v i:]ir_,ct i<,Olllaillyll(,lll. ]l(,_lt.in_ dici, al_, Lll(, i1_(, o[ Vl'l'.y _illall l.illlO ,_ix'I)_ t'c)r _(,V('l'_-il (:yclt,H

['ollowiiig I)(III itlil.ia.tioli.
i

Airl)oriie i)ebri._

'l'tl_, airl)orlie lila._.<-ie_ o[ lJ()_ aild ot, li_,r illalerial_ i.ti_li ileil,]ler oxidiz<" iior _ir(.> iti_'

prodllcls o[ o×idal.ioli are _le,_cl'ibed by l.lie following tii'sL order Iiilear differeiil.ial eClUaLion"

d.4I(i, 1,.,l) j,l ( i, k, t ): - + ,<,'(i,
dZ "i'._"r( i )

wllere M(i, _,,l) is i,lie iiia_ o[ coilil)ovi¢,lil /,' iii colit.rol voliliile i at l, ini_' l, 7",q'7'(i) is llie

ti/lie coll._l.arll, [or ._rl, tiin_ or l.riil)l_}n g ill c(Jilt.ro] volnlile i alid ,h'(/, J:) i,_ l ll_ collsl,allL III_H_

_(.l/ll'CC, l,l.l.'"(' o[ {,Ollil)OliC;lil, /,: ill ('olllrol VOlllillO 7 a,s,_ocial._,d wii.h 1,11¢'lligh ])l'C,_._llr{' niell.

eje<'l+ioil l:n'occ',<-J_.'Ftlc, _olul, ioli o[ l']g. A.1 is _iw'li by:

.,. ,_ (-dr.).,. 7' (i) (A.2)M(i,_',t) = [M(i,k,t.o)- 5(_,k)× l.s,7'(i)] x c,,'l, 7'.,,"r(i) +,<,(_,k) x .s"r
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where M(i, k, to) is the mass at arbitrary initial time t0, and dt is the difference between
the final time, t, and time to. The airborne masses of Zr, I_ and other materials that
are oxidized in the presence of oxygen or steam are described by the following first order
linear differential equation:

dM(i,k,t) M(i,k,t)
=- + S(i, k) (A.3)

f" Tso(i)

where Tso(i), the time constant ior simultaneous oxidation and settling/trapping, is
given by:

1 1 1
= _+_ (1.4)Tso(i) 7'sT(i) 7bX(i)

where Tox(i) is the oxidation time constant in control volume i. The solution to Eq. A.3
is identical to Eq. A.2 except that Tsr(i) is replaced by Tso(i). The airborne rnasses of
ZrO2 and other materials that are products of oxidation rea.ctions are given by:

dM(i,k,t) M(i,k,t) M(i,l,t) .

dt Ts,r(i) +Rx 2bx(i)+S(z,k) (A.5)

where R is the mass <)fproduct k formed by the oxidation of a unit mass of reactant 1.
The solution of Eq. A.5 is:

M(i,k,t)= [M(i,k, to)-C1-C2]xexp_, J +C2xcxp(\T,_o(i)-dt )
+ C1 (A.6)

where

C1 = [S(i,k) + R x ,5'(i,/) x Tso(i)] TST(i)X

[ Tox(i) J

and

C2 [R x S(i,1) x 2'= so(i)]- M(i,l, to)

The HPME model contains two options for oxidation modeling. The user invokes
the sequential oxidation option, in which the order of oxidation is Zr, AI then steel, by

S" " _ ,"1 • .specifying a. po._ltave value for the oxidation time constant, 7ox(z) For control volumes
in which the user would prefer simultaneous oxidation of the metals, a negative value of
Tox(i) is specified and the time constant will be equal to the absolute value of Tox(i).
In the sequential oxidation model a separate oxidation rate is fhst calculated for each
metal in(le.pcndently"_ of all others with the given value of 7bx(i). "'then the mass of metal
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B consumed will be converted into an equivalent mass of metal A, where metal A is
assumed to oxidize in preference to metal B, until all of metal A is consumed. Hence,
steel will not be consumed until all the Zr and A1 have been consumed, and A1 will not
be consumed until the Zr is exhausted. 'l'his implies that the effective time constant for
meta.1 A oxidation when metal B is present may be signit:icantly shorter than tauox(i).
The actual values of the effective oxidation time constants will be used in determining the
end of time step airborne mass inventories in Eq. A.2 and Eq. A.6 above. Of course both
oxidation options are constrained by the availability of oxygen or steam. Steam oxidation
will only be calculated if there is insufficient oxygen available in the control volume to
support the prescribed oxidation rate. If there is insuf_cient oxidant to support the
calculated rates of oxidation for zirconium and iron, then the zirconium will have first

priority. The oxidation reactions will proceed at the initial time step values of debris
temperature in each control volume, and hydrogen formed by the steam reaction will
enter the atmosphere at that temperature.

The energy of the airborne debris is given by the solution of the followi_lg simple
equation:

gH(i,t) = Eox(i t)- Qc.As(i t) + SH(i) (A 7)dt ' '

where f3ox(i,t) is the rate of heat generation by the oxidation reaction, SH(i) is the
enth_lpy source rate associated with the high pressure melt ejection source, and where
the rate of heat transfer to the ge.s is approximated as:

THT(i)- "' 'i (A.8)1 I-IT_ ' )

where Qg(i,t) is the energy a,vailable for transfer to the gas, where 7_7,(i) is the user
specified time constant for heat transfer from the airborne debris to the atmosphere
in control volume i, where tt(i,_/_b_) is the energy content of the debris a,t its actual

'_ l e " "temperature, Tgb._ and H(i, 7y_.,) is the energy content of the debris in :qmllbrium with
the gas at temperature, 7_=s. The solution to Eq. A.7 is given by:

tt(i,t) = H(i, to) + Eox(i,t) - Q_As(i,t) (A.9)

where H(i, t0) is the energy of the debris following the addition of the integrated enthalpy
source, SH(i) x dr, and following adjustments to its coml)osil,ion associated with the
oxidation reaction, where Eox(i,t) is the oxidation energy generated between times t0
and t and where Qc;As(i,t)is the amount of heat trausferred to the gas between times
t0 and t. QGAS(i,t) is given by:

f,t,o+at _!!]dt (A.10)Oc_,as(i,t) = ,0 7HT(i)]
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where Qg(i, t) satisfies:

= [ (Eox+Qox)]
dQg(i,!) Qg(i,t) + Qs,c + (A.11)

dt THT(i) dt

1

QsRc = SH(i, TsTc)- SH(i, Tgas)

is the available source enthalpy and

Qox = Hox(i, TdbT)-- Hox(i, Tgas)

is the available enthalpy created by composition adjustments during oxidation. The
solution to Eqs. A.10 and A.11 is:

QGAs(i,t) = QOLD X 1 --exp \-_HT]] +

[QsRc-t-(E°x+Q°x)l x{dt--THTX [l--exp(_HtT)]tA'12)dt

where QOLD = H(i,W(to))- H(i, rgas) is the initial available energy.

The inclusion of the HPME source terms in Eqs. A.1 through A.12 eliminates time-
step dependencies that would arise if the sources were added prior to the calculation of
oxidation, heat transfer and settling/trapping. After the total energy at the advanced
time, t, is determined, it is compared to the enthalpy corresponding to a maximum
permissible temperature, HMAX. If H(i,t) exceeds HMAX, then Eq. A.9 is solved for
QaAs(i,t) with H(i,t) set equal to ItMAX as follows:

QaAs(i,t) = H(i, to) + Eox(i,t)- HMAX (A.13)

so that the heat transferred to the gas is increased sufficiently to limit the advanced time
debris temperature to the maximum prescribed value, _4AX. TMAX is given by:

TMAX = MAX(Tg_s, Tdbr(to),Tdb_(t'),T4603) (A.14)

where Tga_ is the gas temperature, Tdbr(to) is the debris temperature at the beginning
of the time step, Tdbr(t I) is the debris temperature after addition of new source material
to the initial inventory and T4603 is the temperature limit prescribed by sensitivity
coefficient 4603, which normally exceeds the other arguments in the max function of Eq.
A.14. The default value of T4603 is approximately equal to the boiling temperature

i
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of U02 .... teml)erattlres much in excess of this value would likely result in very rapid

fragmentation of debris droplets a,nd significantly increased droplet-to-gas heat transfer.

After all advanced time t;emperature for the a,irborne debris ha.s been deternlined, the

• t •projected change in ,h( C,VH atmosphere temperature as a result of direct containmellt

heating during the time step is calculated. If the cha, nge exceeds a, value prescribed by

sensitivity coefficient 4604 (with a default value of 500K), then the FI)I pa,ckage, requests

a fallback with a decreased time step.

Following the determination of the advanced time ternpera,ture for the airborne de-
bris, the advanced tiine mass equations, Eqs. A.I through A,6, are used to determine

how much material is removed from the atmosphere by settling/trapping. 'I_lle settled

material and its energy content are removed from the airborne inventory and deposited

on the appropria, te surface specified by user input. After the settling calculation has been

performed, the advanced time total airborne mass in each control volume is determined

by summing over all components. If the advanced tilne tota.] airborne mass is insignificant

compared to the total mass of material sourced into the control volume atmosphere over

the duration of the D(_H event, then all of the remaining airborne mass in the control vol-

ulne is immediately deposited on the a,pI)ropriate settling surface and a message is issued

to notify the user that direct containment heating has ceased in that particular control

volume. The ratio used to deternfine when the airborne mass ha,s become insignificant is

adjustable through sensitivity coetTicient 4606 and has a, defmlll, value of 0.001.

Deposited l)ebris

The mass of material k on surface i at time t is given by

M(i,k,t) = M(i,k, to)+ 5"(i. k) × dt (A.15)

where

5"(i,k.) = S(i,k)+ _. V,o l_7,(j) x dr' dr. (A.i6)3

and ,5'(i, k) is the constant mass source rate of component k 1o surfa.(:e i from trapping.

The second terra on the right hand side of gq. A.16 a.ccounts for settling to the surface,

and the su_n is over all contro] volumes that have surface i as the user-st)e('itied settling

surface. M(j, a.,t) and 7'sT(j) are the airborne mass of component k in co,)trol volume j

a,nd the settling time constant in control volume j, respectively.

For [102 and other materials not _ssoci_ted with oxidation the settling teHn is given

by

T " dr' = M(j,k, t0) x 1-ea:p\zs.r(j) +. st(a)

S(j,k) x dr- 7?r(j) 1 -exp I?T(j)
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For metals that oxidize the settling term is given by

Tso(j) M(j,k, to) x
t)o+at M(j,k t')dt, = . . x i -exp \7:so(j)] +• TsT(j) TST(3)

-dr

which reduces to Eq. 1.17 if -Tbx(j) >> J)T(j), because in that case Tso(j) " _.I)T(j)
as shown by Eq. 1.4:. For oxidation products tile settling term is given by

[fto+dtM(j,k,t,)dt, = M(j,k, to) x 1-exp TsT(j) +,,to TsT(j)

]R so(j) [M(j,l, to)+S(j, 1){dt-7'SO(j)-7'sT(j)}]-
_Ibx(j)

,.[M(j,l, to)- 5(3,1)7k.T(j)]exp \_IsT(j) + [_)] X

[M(j,l, to)- S(j, 1)7;.o(j)] x exp( "I)o(j)-dt) } (A. 19)

where material 1 is the metal from which the oxide is formed and R is the mass of product
k formed by the oxidation of a unit mass of reactant/.

The energy of the deposited debris is calculated with equations almost identical to
Eqs. A.7-A.14 except the source term SH(i) also includes the enthall)y associated with
debris settling. It is assumed that the enthali)y of the settled debris is equal to the end of
time step value calculated with Eq. A.9. The settled mass with the end of step enthalpy
is applied to the deposition surface during the time step at a constant rate as implied
by Eq. A.15. The other difference between the treatment of the ezmrgy ot" airborne
and deposited debris concerns heat transfer. As discussed above, the user specifies a,
,ime constant for heat transfer from the airborne debris to the atmosphere. However,

l'or heat transfer from deposited debris to the structure a different approach is taken.
Because the C,VH package does not recognize the deposited debris telnperature as the
effective surface temperature, in order to effectively simulate the heat transfer t'roin tile

hot debris to the CVH pool and/or atn_losphere associated with the surface it is necessary
to tightly couple the debris teml)erature to the ItS surface tenq)erature that (;Vii does
recognize. Accordingly, a very small time constant equal to the minimum of half the
surface oxidation time constant and a value of .001s is used to calculate the amount of

heat transfer from the debris to the deposition surface using the analog of Eq. A.12 for
heat transfer to surfaces. The value obtained is then used to determine the average he,at
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transfer coefl:icient between the deposited debris and tile surface during the time step as
follows.

Qsu uF( i, t) (A.20)
hsguv = ASURF x AT x dt

where AsuRF is the surface area of the structure, AT is the difference between the begin-
ning of time step debris temperature and the structure surface temperature and QSURF
is the value obtained from the analog of Eq. A.12. If hsunI: exceeds a maximum value,
hsuRF,max, specified by sensitivity coefficient 4608 (default value 1000W/m2-K), then the
value of Qsgnv is reduced by the ratio hSURF,max/hsuRF to limit it to the value consis-
tent with hsuR_,m=x. Whenever the QsunF is limited by hsuRF, max the direction of heat
transfer (i.e. debris-to-surface or surface-to-debris) is compared to the direction from the
previous time step; if the direction is alternating, that indicates that the surface temper-
ature has probably been driven into an oscillation about the debris temperature because
the time step exceeds the stability limit associated with the explicit coupling between
the DDI and HS packages. In such cases, FDI requests a system fallback with the time
step reduced by a factor of one half. Normally, the value of hsvn_;ma_ should be chosen
large enough to promote rapid equilibration of the debris and surface temperatures, yet
not so large as to induce instability in the surface temperature for reasonable values of
the time step.

If the MELCOR Radionuclide (RN) package is active, then FDI will call RN1 any-
time fuel is moved so that the associated radionuclides can be moved simultaneously.
Furthermore, the decay heat associated with the radionuclides will be deposited in the
appropriate location.

Specified time constants of less than 10-6s will be reset to that value to avoid potential
numerical problems associated with vanishing time constants. For time scales of interest,
a time constant of 10-6s implies an essentially instantaneous process (i.e., instantaneous
complete oxidation, instantaneous thermal equilibration with the atmosphere or instan-
taneous settling).

The simple direct containment heating lnodel described above is not intended to pre-
dict all details of DCH events from first principles. Nodialization requirements would
be much greater than normal MELCOR models. Rather, it is intended to allow users
to evaluate the overall effect of varying the relative rates of the most important pro-
cesses controlling D(.',tt loads, ttPME model results are sensitive to the relative values of
tauox(i), tauht(i) and taught(i) specified by the user for each control volume. Reasonable
values for these time constants can be obtained in basically two ways. First, results from
mechanistic codes such as CONTAIN can/)e used to obtain appropriate values; or, sec-
ond, reasonable assumptions concerning particle sizes and velocities in conjunction with
simplified hm:d calculations can yield a range of time constants in the correct range. In
most cases this second method should be adequate for parametric PRA studies.
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B SNL/IET-1 Reference Calculation Input Deck

*eor* melgen
,

allowreplace

title 'Surtsey IET-1 _
$

$$$$$$$$$$$$*$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

$

diagfile 'genl.dia'

outputfile 'genl.out'

plotfile 'plotl'
restartfile 'restart1'

$

* common input

* burn package input
$

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

burO00 0 * activate package
bur001 0.0 0.167 0.07 0.129 0.05 0.B5 0.0 0.167 0.05 0.55

*bur003 1.0e-6 0.148 1.0e-6 0.125 1.0e-6 0.138 1.0e-6 0.150

burcc00 -1 -1 0.0 -1 0.0
burl00 010 86

burl01 020 86

burl02 030 86
$

$_$$$$$$$$$$$$$$$$$$$_$$_$_$$$$$$$$$$$$$$$$$$$$$$_$$$$$$_$$$$$$$$$$$$$$_$

$

* non-condensible gas input
$

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

$

ncg000 n2 4

ncg001 02 S

ncgO02 h2 6
ncgO03 co2 7

ncg004 co 8
ncgOO5 ar 9

$
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* control volume and flow path
,

**************************************************************************

,

,

cvO0100 accum-mg 2 2 I * nonequil therm, vertical flow
cvOO1aO 3

cvOOlbl 0.50 0.0

cvOOlb2 1.50 0.308

flO0500 melt-plug 001 010 0.975 0.3048
flO0501 0.001282 0.1 0.0 0.10 0.10

f100503 2.5 2.5 0.85 0.85

fi00504 0.0 0.0

flOO5sl 0.001282 0.1 0.0404 16.0

flOO5vl -1 005 005

cfO0500 'plug' tab-fun I 1.0 0.0
cf00501 0.0

cf00503 005

cf00510 1.0 0.0 time

tfO0500 'plug' 2 1.0 0.0
tfO0510 0.0 0.0

tfO0511 2.0 1.0

cv01000 cavity 2 1 1 * nonequil therm, horizontal flow
cv01003 0.02

cvOlOaO 3

cvOlObl 0.0 0.0

cvOlOb2 0.3048 0.100

f101500 chute-inlet 010 020 0.1524 0.1524

f101501 0.0929 2.4 1.0 0.290 0.290

f101503 0.5 0.5

fi01504 0.0 0.0

flO15sl 0.0929 2.4 0.3048 16.0

cv02000 chute 2 2 1 • nonequil therm, vertical flow
cv02003 0.02

cvO2OaO 3

cvO2Obl 0.0 0.0

cvO2Ob2 2.16 0.145

fi02500 chute-outlet 020 030 2.16 2.16

fi02501 0.0929 1.2 1.0 0.3048 0.76

fi02503 0.5 0.5

fi02504 0.0 0.0

flO25sl 0.0929 1.2 0.3048 16.0

flO25s2 2.7819 0.76 0.3048 16.0

cv03000 subcompartments 2 2 1 • nonequil therm, vertical flow
cv03003 0.025

cvO3OaO 3

cvO3Obl 2.16 0.0
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cvO3Ob2 3.68 4.65

f103500 dome-inlet 030 040 3.68 3.68

f!0350! 2.7819 8.25 1.0 0.76 7.5

f103503 0.5 0.5

fi03504 0.0 0.0

flO35sl 2.7819 0.76 0.3048 16.0

flO35s2 10.125 0.76 0.3048 16.0

,

cv04000 dome 2 2 I * nonequil therm, vertical flow
cv04003 0.1
cvO4OaO 3

cvO4Obl 2.16 0.0

cvO4Ob2 3.68 7.54

cvO4Ob3 12.09 85.15

fi04500 recirculation 040 030 9.68 2.68

fi04501 0.27819 0.75 1.0 0.75 0.75

fi04503 0.5 l.Oe6

fi04504 0.0 0.0

flO45sl 0.27819 0.75 0.1048 16.0

**************************************************************************

• control function input

************************************_*************************************

cf01100 hydrogen add 4 1.0 0.0
cf01110 1.0 0.0 cvh-mass.6.010

cfOllll 1.0 0.0 cvh-mass.6.020

cf01112 1.0 0.0 cvh-mass.6.030

cf01113 1.0 0.0 cvh-mass.6.040

cf01200 al-oxid-tot add 16 1.0 0.0

cf01210 1.0 0 0 fdi-al-oxtot.1.010

cf01211 1.0 0 0 fdi-al-oxtot I 020

cf01212 i 0 0 0 fdi-al-oxtot I 030

cf01213 I 0 0 0 fdi-al-oxtot I 040

cf01214 I 0 0 0 fdi-al-sxtot 1 I 01001

cf01215 I 0 0 0 fdi-al-sxtot 1 I 01002

cf01216 I 0 0 0 fdi-al-sxtot 1 I 01003

cf01217 I 0 0 0 fdi-al-sxtot 1 I 02001

cf01218 I 0 0 0 fdi-al-sxtot 1 I 02002

cf01219 I 0 0 0 fdi-al-sxtot.1 I 02003

cf01220 I 0 0.0 fdi-al-sxtot.1 I 03001

cf01221 I 0 0.0 fdi-al-sxtot.1 I 03002

cf01222 I 0 0.0 fdi-al-sxtot.1 I 03003

cf01223 I 0 0.0 fdi-al-sxtot.1 I 04001

cf01224 I 0 0.0 fdi-al-sxtot.1 I 04002

cf01225 I 0 0.0 fdi-al-sxtot.1 I 04003

cf01300 ss-oxid-tot add 16 1.0 0.0
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¢f01310 1 0 0.0 fdi-ss-oxtot 1 010

cf01311 1 0 0.0 fdi-ss-oxtot 1 020

cf01312 1 0 0.0 fdi-ss-oxtot 1 030

cf01313 I 0 0.0 fdi-ss-oxtot 1 040

cf01314 1 0 0.0 fdi-ss-sxtot 1 1.01001

cf01315 1 0 0 0 fdi-ss-sxtot 1 1.01002

cf01316 1 0 0 0 fdi-ss-sxtot 1.1.01003

cf01317 1 0 0 0 fdi-ss-sxtot 1 1.02001

cf01318 1 0 0 0 fdi-ss-sxtot 1 1.02002

cf01319 I 0 0 0 fdi-ss-sxtot 1 1.02003

cf01320 1 0 0 0 fdi-ss-sxtot 1 1.03001

cf01321 1 0 0 0 fdi-ss-sxtot 1 1.03002

cf01322 1 0 0 0 fdi-ss-sxtot 1 1.03003

cf01323 1 0 0 0 fdi-ss-sxtot 1 1.04001

cf01324 1 0 0 0 fdi-ss-sxtot 1 1.04002

cf01325 1 0 0 0 fdi-ss-sxtot 1 1.04003

,

cf01400 o2-oxid-tot add 16 1.0 0.0

cf01410 1 0 0.0 fdi-o2-oxtot 1 010

cf01411 1 0 0.0 fdi-o2-oxtot 1 020

cf01412 1 0 0.0 fdi-o2-oxtot 1 030

cf01413 1 0 0.0 fdi-o2-oxtot 1 040

cf01414 1 0 0.0 fdi-o2-sxtot i 1.01001

cf01415 1 0 0 0 fdi-o2-sxtot 1 1.01002

cf01416 I 0 0 0 fdi-o2-sxtot 1.1.01003

cf01417 1 0 0 0 fdi-o2-sxtot 1 1.02001

cf01418 1 0 0 0 fdi-o2-sxtot 1 1.02002

cf01419 1 0 0 0 fdi-o2-sxtot 1 1.02003

cf01420 1.0 0 0 fdi-o2-sxtot 1 1.03001

cf01421 1.0 0 0 fdi-o2-sxtot 1 1.03002

cf01422 1.0 0 0 fdi-o2-sxtot.l 1.03003

cf01423 1.0 0 0 fdi-o2-sxtot.1 1.04001

cf01424 1.0 0 0 fdi-o2-sxtot.l 1.04002

cf0142_ 1.0 0 0 fdi-o2-sxtot.l 1.04003

cf01500 st-oxid-tot add 16 1.0 0.0

cf01510 1 0 0.0 fdi-st-oxtot.1 010

cf01511 1 0 0 0 fdi-st-oxtot.1 020

cf01512 i 0 0 0 fdi-st-oxtot.l 030

cf01513 1 0 0 0 fdi-st-oxtot.1 040

cf01514 1 0 0 0 fdi-st-sxtot.l 1.01001

cf01515 I 0 0 0 fdi-st-sxtot 1 1.01002

cf01516 1 0 0 0 fdi-st-sxtot 1 1.01003

cf01_17 1 0 0.0 fdi-st-sxtot 1 1.02001

cf01518 1 0 0.0 fdi-st-sxtot 1.1.02002

cf01519 1 0 0.0 fdi-st-sxtot 1.1 02003

cf01520 1 0 0.0 fdi-st-sxtot 1.1 03001

cf01521 I 0 0.0 fdi-st-sxtot 1.1 03002

cf01622 1 0 0 0 fdi-st-sxtot 1.1 03003

cf01623 I 0 0.0 fdi-st-sxtot 1.1 04001

cf01524 1.0 0.0 fdi-st-sxtot 1.1.04002

cf01_25 1.0 0.0 fdi-st-sxtot 1.1.04003
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cf01600 h2-oxid-tot add 16 1.0 0.0

cf01610 I 0 0 0 fdi-h2-oxtot 1.0i0

cf01611 I 0 0 0 fdi-h2-oxtot 1.020

cf01612 I 0 0 0 fdi-h2-oxtot 1.030

cf01613 I 0 0 0 fdi-h2-oxtot 1.040

cf01614 I 0 0 0 fdi-h2-sxtot 1.1.01001

cf01615 I 0 0 0 fdi-h2-sxtot 1.1.01002

cf01616 I 0 0 0 fdi-h2-sxtot 1.I.C 003

cf01617 I 0 0 0 fdi-h2-sxtot 1.1.02001

cf01618 I 0 0 0 fdi-h2-sxtot 1.1.02002

cf01619 I 0 0 0 fdi-h2-sxtot i 1.02003

cf01620 I 0 0 0 fdi-h2-sxtot 1 1.03001

cf01621 I 0 0 0 fdi-h2-sxtot 1 1.03002 !
cf01622 I 0 0 0 fdi-h2-sxtot I 1.03003

cf01623 I 0 0 0 fdi-h2-sxtot I 1.04001

cf01624 I 0 0 0 fdi-h2-sxtot 1 1.04002

cf01625 I 0 0 0 fdi-h2-sxtot 1 1.04003

cf01700 al-oxid-frac equals I 1.67785 0.0

cf01710 1.0 0.0 cfvalu.012

cf01800 ss-oxid-frac equals I 0.03795 0.0

cf01810 1.0 0.0 cfvalu.013

cf01900 'h2-burned' add 2 1.0 0.0

cf01910 1.0 0.0 cfvalu.016

cf01911 -1.0 0.0 cfvalu. Oll

tabular f_nction input

tfO0100 debris-temp 1 1.0 0.0
tfO0110 1.0 2300.0

tfO0200 a12-o3 11 16.056 0.0

tfO0210 0.0 0.0

t_00211 0 1 0.05

tf00212 0 2 0.1

tf00213 0 3 0.15

Zf00214 0 _ 0.2

tf00215 0 5 0.3

t_00216 0 6 0.5

tf00217 0 7 0.8

tfO0218 0 8 0.9

tf00219 0 9 0.95

tfO0220 1 0 1.0

tfO0300 al 11 0.596 0.0

tfO0310 0.0 0.0

tf00311 0.1 0.05
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tfOOS12 0.2 0 1

tfO031S 0.3 0 15
tfO0314 0.4 0 2

tfOOS15 0.5 0 3

tf00316 0.6 0 5

tfO0317 0.7 0 8

tf00318 0.8 0 9

tf00319 0.9 0 95

tfO0320 1.0 I 0

tfO0400 fe-cr II 26.347 0.0

tfO0410 0.0 0.0
tfO0411 0.1 0.05

tf00412 0.2 0.1

tfO0413 0.3 0.15

tfO0414 0.4 0.2

tfO0415 0.5 0.3

tfO0416 0.6 0 5

tf00417 0.7 0 8

tf00418 0.8 0 9

tf00419 0.9 0 95

tfO0420 1.0 I 0
,

mpmatO0600 steel
* fraction fe cr ni c

mpmatO0699 0.82359 0.17641 0.0 0.0
*

**************************************************************************

*

* dch/fdi input
*

**************************************************************************

*

* nfdicv nfdcav nfdtpi nfdtpo
fdiOlO0 010 -I 1 -3

* name

gdiOlO1 cavity

* zbottm ztop
fdiOl02 0.0 0.3048

* nfdatm nfddep

fdi0104 4 12

* matname itable

fdiOllO aluminum-oxide 2

fdiOlll aluminum 3

fdiO112 stainless-steel 4

* icvnum idpnum itype frac tauox tauht tausettle
fdiOl50 010 01002 lhs 0.15 0.025 0.40 0.15

fdiOl51 020 02002 lhs 0.10 0.025 0.40 0.35

fdi0152 030 03002 lhs 0.65 0.025 0.40 0.25

fdi0153 040 04002 lhs 0.10 0.025 0.40 0.60
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* idpnum itype frac tsox
fdiO154 01001 lhs 0.0 600.0

fdiO155 01002 lhs 0.0 600 0

fdiO156 01003 lhs 0.0 600 0

fdiO157 02001 lhs 0.0 600 0
fdiO158 02002 lhs 0.0 600 0

fdiO159 02003 lhs 0.0 600 0

fdiOl60 03001 lhs 0.0 600 0

fdiOl61 03002 lhs 0.0 600 0

fdiO162 03003 lhs 0.0 600 0

fdiO163 04001 lhs 0.0 600 0

fdiO164 04002 lhs 0.0 600 0

fdiO165 04003 ]hs 0.0 600 0

****************************************,**,*****,************,,,****,**,,

*

* heat structure input
*

**************************************************************************

*

* cavity
*

hsOlO01000 12 1 0

hsOlO01001 cavity-wall
hsOlO01002 0.0 1.0

hsOlO01100 -1 1 0.0

hsOlO01101 0.0001 2

hsOlO01102 0 0003 3

hsOlO01103 0 0006 4

hsOlO01104 0 0010 5

hsOlO01105 0 0024 6

hsOlO01106 0 0050 7

hsOlO01107 0 0100 8

hsOlO01108 0 0200 9

hsOlO01109 0 0400 10

hsOlO01110 0 0900 11

hsOlO01111 0 1830 12
hsOlO01200 -1

hsOlO01201 concrete 11

hsOlO01300 0

hsOlO01400 1 010 int 0.0 1.0

hsOlO01401 0.8 gray-gas-a 0.261
hsOlO01500 0.779 0.3048 0.3048

hsOlO01600 0
,

hsOlO02000 12 1 0

hsOlO02001 cavity-floor
hsOlO02002 -0.1830 -1.0e-7
hsOlO02100 01001 1 0.0

hsOlO02200 01001

hsOlO02300 0

hsOlO02400 1 010 ext 0.0 1.0

hsOlO02401 0.8 gray-gas-a 0.261
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hs01002600 0.779 0.3048 0.3048

hs01002600 0

hs01003000 12 I 0

hs01003001 cavity-roof
hsOlO03002 0.3048 0.0

hs01003100 01001 1 0.0

hs01003200 01001

hs01003300 0

hs01003400 1 010 ext 0.0 1.0

hs01003401 0.8 gray-gas-a 0.261
hs01003500 0.779 0.3048 0.3048

hs01003600 0

chute

hs02001000 12 1 0

hs02001001 chute-wall

hs02001002 0.0 1.0

hs02001100 -t 1 0.0

hs02001101 0 0001 2

hs02001102 0 0003 3

hs02001103 0 0006 4

hs02001104 0 0010 5

hs02001105 0 0024 6

hs02001106 0 0050 7

hs02001107 0.0100 8

hs02001108 0.0200 9

hs02001109 0.0400 10

hs02001110 0.0900 11

hs02001111 0.1830 12

hs02001200 -1

hs02001201 concrete 11

hs02001300 0

hs02001400 1 020 int 0.0 1.0

hs02001401 0.8 gray-gas-a 0.261
hs02001500 1.341 2.16 2.16

hs02001600 0

hs02002000 12 1 0

hs02002001 chute-floor

hs02002003 -0.08022 -0.89879

hs02002100 02001 1 0.0

hs02002200 02001

hs02002300 0

hs02002400 1 020 ext 0.0 1.0

hs02002401 0.8 gray-gas-a 0.261
hs02002500 0.732 2.2 2.2

hs02002600 0

,

hs02003000 12 1 0

hs02003001 chute-roof

hs02003002 0.3048 0.89879
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hs02003100 02001 1 0.0

hs02003200 02001

hs02003300 0

hs02003400 1 020 ext 0.0 1.0

hs02003401 0.8 gray-gas-a 0.261
hs02003500 0.6096 2.0 2.0

hs02003600 0

* subcompartments
,

hsO3001000 12 I 0

hs03001001 subcompartments-wall
hs03001002 2.16 1.0 I

hs03001100 -1 1 0.0

hs03001101 0.0001 2

hs03001102 0 0003 3

hs03001103 0 0006 4

hs03001104 0 0012 5

hs03001105 0 0024 6

hs03001106 0 0050 7
hs03001107 0 0100 8

hs03001108 0 0200 9

hs03001109 0 0350 10

hs03001110 0.0650 11

hs03001111 0.1067 12

hs03001200 -1

hs03001201 concrete 11

hs03001300 0

hs03001400 1 030 int 0.0 1.0

hs03001401 0.8 gray-gas-a 0.5028
hs03001500 27.9696 0.721 0.721

hs03001600 0

,

hs03002000 11 I 0

hs03002001 subcompartments-floor

hs03002002 2.16 -I.0e-7

hs03002100 -I 1 0.0

hs03002101 0.0001 2

hs03002102 0 0003 3

hs03002103 0 0006 4

hs03002104 0 0012 5

hs03002105 0 0024 6

hs03002106 0 0050 7

hs03002107 0 0100 8

hs03002108 0 0200 9

hs03002109 0 0350 I0

hs03002110 0 0508 11

hs03002200 -I

hs03002201 concrete 10

hs03002300 0

hs03002400 I 030 exZ 0.0 1.0

hs03002401 0.8 gray-gas-a 0.5028
hs03002500 6.1789 0.71 0.71
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hs03002600 0

hs03003000 10 1 0

hs03003001 subcompartments-roof
hs03003002 3.68 0.0
hs03003100 -1 1 0.0

hs03003101 0.0001 2

hs03003102 0.0003 3

hs03003103 0.0006 4
hs03003104 0.0012 5

hs03003105 0.0024 6

hs03003106 0.0050 7

hs03003107 0.0100 8

hs03003108 0.0200 9

hs03003109 0.0305 10

hs03003200 -1

hs03003201 concrete 9

hs03003300 0
hs03003400 1 030 ext 0.0 1.0

hs03003401 0.8 gray-gas-a 0.5028
hs03003500 6.4265 0.309 0.309

hs03003600 0

* dome

hs04001000 9 1 0

hs04001001 dome-wall

hs04001002 3.68 1.0

hs04001100 -i 1 0.0

hs04001101 0.0001 2

hs04001102 0.0003 3

hs04001103 0.0006 4

hs04001104 0.0012 5

hs04001105 0.0024 6

hs04001106 0.0050 7

hs04001107 0.0090 8

hs04001108 0.01S88 9
hs04001200 -1

hs04001201 stainless-steel 8

hs04001300 0

hs04001400 I 040 int 0.0 1.0

hs04001401 0.8 gray-gas-a 2.489
hs04001500 135.1498 7.539 7.539

hs04001600 0

,

hs04002000 11 I 0

hs04002001 dome-floor

hs04002002 3.68 -1.0e-7

hs04002100 -1 1 0.0

hs04002101 0.0001 2

hs04002102 0.0003 3

hs04002103 0.0006 4

hs04002104 0.0012 5
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hs04002105 0 0024 6

hs04002106 0 0050 7

hs04002107 0 0100 8

hs04002108 0 0200 9

hs04002109 0 0400 10

hs04002110 0 0762 11

hs04002200 -I

hs04002201 concrete 10

hs04002300 0

hs04002400 1 040 ext 0.0 1.0

hs04002401 0.8 gray-gas-a 2.489

hs04002500 10.239 1.33 1.33

hs04002600 0

hs04003000 9 1 0

hs04003001 dome-roof

hs04003002 12.09 0.0

hs04003100 04001 I 0.0

hs04003200 04001

hs04003300 0

hs04003400 1 040 ext 0.0 1.0

hs04003401 0.8 gray-gas-a 2.489
hs04003500 10.507 3.66 3.66

hs04003600 0

***********************************************************************_**

sc42551 4255 1.0e-5 I * leduce HS film thickness

sc40611 4061 0.0 I * reduce laminar natural convection bound

sc40612 4061 0.001 2 * reduce turbulent natural convection bound

sc40641 4064 0.0 1 * reduce laminar forced convection bound

sc40642 4064 0.001 2 * reduce turbulent forced convection bound

sc46081 4608 1.0 I * reduce FDI debris-to-structure HTC

*************_************************************************************

• test-specific input

*******************************************************:_******************

cvOOlal pvol 7.1e8 ph2o 7.1e6 tatm 600.0

cvOlOal pvol 2.0e5 ph2o 0.0 tatm 295.0 zpol 0.009
cvOIOa2 mlfr.4 0.9990 mlfr.5 0.0003

cvOIOa3 mlfr.7 0.0001 mlfr.9 0.0006

cvO2Oal pvol 2.0e5 ph2o 0.0 tatm 295.0

cvO2Oa2 mlfr.4 0.9990 mlfr.5 0.0003

cvO2Oa3 mlfr.7 0.0001 mlfr.9 0.0006

cvO3Oal pvol 2.0e5 ph2o 0.0 tatm 295.0
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cvO3Oa2 mlfr.4 0.9990 mlfr.5 0.0003

cvO3Oa3 mlfr.7 0.0001 mlfr.9 0.0006

$

cvO4Oal pvol 2.0e5 ph2o 0.0 tatm 295.0

cvO4Oa2 mlfr.4 0.9990 mlfr.5 0.0003

cvO4Oa3 mlfr.7 0.0001 mlfr.9 0.0006

*eor_ melcor

title 'Surtsey IET-I'

diagfile 'corl.dia'

outputfile 'corl.out'

messagefile 'corl.mes'

plotfile 'plotl'

restartfile 'restart1'

restart -I

cymesf I00 10

dtsummary

tstart dtmax dtmin dtedit dtplot direst

timel 0.0 1. 0.000001 10. .001 10.

time2 0.2 1. 0.000001 10. .01 10.

tend 20.0

cpulim 99999.

cpuleft I00.

*cvhtrace

$

*eor* hisplt
$

color,2,3,4,6,0

shade,all

_title,SNL Surtsey IET Tests -- SUN reference results
$

filel='plotl'

file2='plotlr '

file3='plot3'

file4='plot4'

file5='plot5'

file6='plot6'

fileT='plotT'
$

startuf

uf.l add
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+ bur-h2-tot.OiO

+ bur-h2-tot.020

+ bur-h2-tot.O30

+ bur-h2-tot.040

enduf
.

title,MELCOK Assessment: SNL IET Tests

vlabel,Accumulator Pressure (()Pa)

ulabel,Time (()s)

limits 0.0,4.0 0.0,8.0e6

plot time cvh-p. O01 file=l line=solid color=2 symbol=! legend='IET-I (MELCOK)'

cplot time cvh-p. O01 file=2 line=solid color=5 symbol=? legend='IET-IK (MELCOK)'

cplot time cvh-p. O01 file=3 line=solid color=6 symbol=> legend='IET-3 (HELCOK)'

cplot time cvh-p. O01 file=4 line=solid color=i symbol=" legend='IET-4 (MELCOK)'

cplot time cvh-p. OOi file=5 line=solid color=l symbol=_A legend='IET-5 (MELCOK)'

cplot time cvh-p. O01 file=6 line=solid color=l symbol=_ legend='IET-6 (MELCOK)'

cplot time cvh-p. O01 file=7 line=solid color=1 symbol=_C legend='IET-7 (MELCOK)'

data line=sdash color=3 symbol=_ legend='IET-1 (Data)'

*readfile test_data pal

data line=sdash color=3 symbol=< legend='IET--IK (Data)'

*readfile test_data palr

data line=sdash color=3 symbol=@ legend='IET-3 (Data)'

*readfile test_data pa3

data line=sdash color=3 symbol=\ legend='IET-4 (Data)'

*readfile test_data pa4

data line=sdash color=3 symbol=_D legend='IET-5 (Data)'

*readfile test_data pa5

data line=sdash color=3 symbol=" legend='IET-6 (Data)'

*readfile test data pa6

data line=sdash color=3 symbol=_F legend='IET-7 (Data)'

*readfile test_data pa7

legend,ur
.

title,MELCOK Assessment: SNL IET Tests

vlabel,Vessel Pressure (()Pa)

ulabel,Time (()s)

limits 0.0,20.0 0.0,0.75e6

plot time cvh-p.040 file=1 line=solid color=2 symbol=! legend='IET-i (MELCOK)'

cplot time cvh-p.040 file=2 line=solid color=5 symbol=? legend='IET-IK (MELCOK)'

cplot time cvh-p.040 file=3 line=solid color=6 symbol=> legend='IET-3 (MELCOK)'

cplot time cvh-p.040 file=4 line=solid color=t01 symbol=" legend='IET-4 (MELCOK)'

cplot time cvh-p.040 file=5 line=solid color=141 symbol= A legend='IET-5 (MELCOK)'

cplot time cvh-p.040 file=6 line=solid color=l symbol=_ legend='IET-6 (MELCOK)'

cplot time cvh-p.040 file=7 line=solid color=9 symbol=_C legend='IET-7 (MELCOK)'

data line=sdash color=3 symbol=_ legend='IET-I (Data)'

*readfile test_data pl

data line=sdash color=3 symbol=< legend='IET-IK (Data)'

*readfile test_data plr

data line=sdash color=3 symbol=% legend='IET-3 (Data)'

*readfile test_data p3

data line=sdash color=3 symbol=\ legend='IET-4 (Data)'

*readfile test_data p4

data line=sdash color=3 symbol=_D legend='IET-5 (Data)'
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*readfile test_data p5

data line=sdash color=3 symbol=" legend='IET-6 (Data)'

*readfile test data p6

data line=sdash color=3 symbol=_F legend='IET-7 (Data)'

*readfile test data p7

legend,ur

title,MELCOR Assessment: SNL IET Tests

vlabel,Hydrogen Mass Generated (()kg)

ulabel,Time (()s)

limits 0.0,5.0 0.0,I.0

plot time cfvalu.016 file=1 line=solid color=2 symbol=! legend='IET-1 (MELCOK)'

cplot time cfvalu. Oi6 file=2 line=solid color=5 symbol=? legend='IET-IK (MELCO_)'

cplot time cfvalu. Ol6 file=3 line=solid color=6 symbol=> legend='IET-3 (MBLCOK)'

cplot time cfvalu.016 file=4 line=solid color=t01 symbol=" legend='IET-4 (MELCOK)'

cplot time cfvalu. Ol6 file=5 line=solid color=f41 symbol= A legend='IET-5 (MELCOR)'

cplot time cfvalu. Ol6 file=6 line=solid color=l symbol=_ legend='IET-6 (MELCOR)'

cplot time cfvalu. Ol6 file=7 line=solid color=9 symbol=_C legend='IET-7 (MELCOR)'

vscale,2.0,O.O

data line=sdash symbol=_ color=3 legend='IET-I (Data)'

0.0,0.223
30.0,0.223

-12345,-12345

vscale,2.0,O.O

data line=sdash symbol=< color=3 legend='IET-1R (Data)'

0.0,0 252

30.0,0.252

-12345,-12345

vscale,2.0,O.O

data line=sdash symbol=_ color=3 legend='IET-3 (Data)'
0.0,0 223

30.0,0.223

-12345,-12345

vscale,2.0,O.O

data line=sdash symbol=\ color=3 legend='IET-4 (Data)'

0.0,0 297

30.0,0.297

-12345,-12345

vscale,2.0,O.O

data line=sdash symbol=_D color=3 legend='IET-5 (Data)'

0.0,0 313

30.0,0.313

-12345,-12345

vscale,2.0,O.O

data line=sdash symbol=_ color=3 legend='IET-6 (Data)'

0.0,0 308

30.0,0.308

-12345,-12345
vscale,2.0,O.O

data line=sdash symbol=_F color=3 legend='IET-7 (Data)'

0.0,0 271

30.0,0.271

-12345,-12345
i
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legend,ur

title,MELCOK Assessment: SNL IET Tests

vlabel,Hydrogen Mass Burned (()kg)

ulabel,Time (()s)

limits 0.0,20.0 0.0,1.0

plot time uf.l file=1 line=solid color=2 symbol=! legend='IET-1 (MELCOK)'

cplot time uf.1 file=2 line=solid color=5 symbol=? legend='IET-IR (MELCOR)'

cplot time uf.1 file=3 line=solid color=6 symbol=> legend='IET-3 (MELCDK)'

cplot time uf.1 file=4 line=solid color=101 symbol=" legend='IET-4 (MELCOR)'

cplot time uf.1 file=5 line=solid color=141 symbol=_A legend='IET-5 (MELCOK)'

cplot time uf.1 file=6 line=solid color=1 symbol=_ legend='IET-6 (MELCOK)'

cplot time uf.1 file=7 line=solid color=9 symbol= C legend='IET-7 (MELCOK)'

vscale,2.0,O.O

data line=sdash symbol=& color=3 lagend='IET-1 (Data)'

0o0,0 001

30.0,0.001

-12345,-12345

vscale,2.0,O.O

data line=sdash symbol=< color=3 legend='IET-1K (Data)'

0.0,0 012

30.0,0.012
-12345,-12345

vscale,2.0,O.O

data line=sdash symbol=_ color=3 legend='IET-3 (Data)'

0.0,0 186

30.0,0.186

-12345,-12345

vscale,2.0,O.O

data line=sdash symbol=\ color=3 legend='IET-4 (Data)'

0.0,0 236

30.0,0.236
-12345,-12345

vscale,2.0,O.O

data line=sdash symbol=_D color=3 legend='IET--5 (Data)'

0.0,0 050

3C.0,0.050

-12345,-12345

vscale,2.0,O.O

data line=sdash symbol =''color=3 legend='IET-6 (Data)'

0.0,0 335

30.0,0.335

-12345,-12345

vscale,2.0,O.O

data line=sdash symbol=_F color=3 legend='IET-7 (Data)'

0.0,0.321

30.0,0.321

--12345,-12345

legend,ur

title,MELCOR Assessment: SNL IET Tests

vlabel,Subcompartment Temperature (()K)

ulabel,Time (()s)



limits 0.0,5.0 0.0,1500.0

plot time cvh-tvap. O30 file=l line=solid color=2 symbol=! legend='IET-I (MELCOK)'

cplct time cvh-tvap.030 file=2 line=solid color=5 symbol=? legend='IET-IR (MELCOR)'

cplot time cvh-tvap. O30 file=3 line=solid color=6 symbol=> legend='IET-3 (MELCOK)'

cplot time cvh-tvap.030 file=4 line=solid color=lOl symbol =- legend='IET-4 (MELCOK)'

cplot time cvh-tvap.030 file=5 line=solid color=f41 symbol=_A legend='IET-5 (MELCOR)'

cplot time cvh-tvap.030 file=6 line=solid color=l symbol=Z legend='IET-6 (MELCOK)'

cplot time cvh-tvap.030 file=7 line=solid color=9 symbol=_C legend='IET-7 (MELCOR)'

data line=sdash color=3 symbol=_ legend='IET-I (Data)'

*readfile test_data tscl

data line=sdash color=3 symbol=< legend='IET-l_ (Data)'

*readfile test data tsclr

data line=sdash color=3 symbol=@ legend='IET-3 (Data)'

*readfile test_data tsc3

data line=sdash color=3 symbol=\ legend='IET-4 (Data)'

*readfile test_data tsc4

data line=sdash color=S symbol= D legend='IET-5 (Data)'

*readfile test_data tsc5

data line=sdash color=3 symbol=" legend='IET-6 (Data)'

*readfile test_data tsc6

data line=sdash color=3 symbol= F legend='IET-7 (Data)'

*readfile test_data tsc7

legend,ur
,

title,MELCOR Assessment: SNL IET Tests

vlabel,Dome Temperatures (()K)

ulabel,Time (()s)

limits 0.0,5.0 0.0,1500.0

plot time cvh-tvap.040 file=l line=solid color=2 symbol=! legend='IET-I (MELCOR)'

cplot time cvh-tvap.040 file=2 line=solid color=5 symbol=? legend='IET-IK (MELCOR)'

cplot time cvh-tvap.040 file=S line=solid color=6 symbol=> legend='IET-3 (MELCOR)'

cplot time cvh-tvap.040 file=4 line=solid color=f01 symbol =^ legend='IET-4 (MELCOK)'

cplot time cvh-tvap.040 file=5 line=solid color=f41 symbol=_A legend='IET-5 (MELCOK)'

cplot time cvh-tvap.040 file=6 line=solid color=l symbol=Z legend='IET-6 (MELCOK)'

cplot time cvh-tvap.040 file=7 line=solid color=9 symbol=_C legend='IET-7 (MELCOR)'

legend,ur

title,MELCOR Assessment: SNL IET Tests

vlabel,Dome Temperature (()K)

ulabel,Time (()s)

limits 0.0,5.0 0.0,1500.0

plot time cvh-tvap.040 file=l line=solid color=2 symbol=! legend='IET-i (MELCOK)'

data line=idash color=3 symbol=_ legend='IET-1 (Level I)'

*readfile test_data tlll

data line=mdash color=3 symbol=_ legend='IET-I (Level 3)'

*readfile test_data t131

data line=sdash color=3 symbol=_ legend='IET-I (Level 5)'

*readfile test_data t151

legend,ur

title,MELCOR Assessment: SNL IET Tests

vlabel,Dome Temperature (()K)

ulabel,Time (()s_
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limits 0.0,5.0 0.0,1500.0

plot time cvh-tvap.040 file=2 line=solid color=5 symbol=? legend='IET-IR (MELCOK)'

data line=Idash color=3 symbol=< legend='IET-IK (Level I)'

*readfile test_data tlllr

data line=mdash color=3 symbol=< legend='IET-IK (Level 3)'

*readfile test_data tl31r

data line=sdash color=3 symbol=< legend='IET-IK (Level 5)'

*readfile test_data tlSlr

legend,ur
.

title,MELCOK Assessment: SNL IET Tests

vlabel,Dome Temperature (()K)

ulabel,Time (()s)

limits 0.0,5.0 0.0,1500.0

plot time cvh-tvap.040 file=3 line=solid color=6 symbol=> legend='IET-3 (MELCOK)'

data line=Idash color=3 symbol=@ legend='IET-S (Level I)'

*readfile test_data t113

data line=mdash color=3 symbol=@ legend='IET-3 (Level S)'

*readfile test_data t133

data line=sdash color=3 symbol=@ legend='IET-3 (Level 5)'

*readfile test_data tl5S

legend,ur
.

title,MELCOK Assessment: SNL IET Tests

vlabel,Dome Temperature (()K)

ulabel,Time (()s)

limits 0.0,5.0 0.0,1500.0

plot time cvh-tvap.040 file=4 line=solid color=lOl symbol=" legend='IET-4 (MELCOK)'

data line=Idash color=3 symbol=\ legend='IET-4 (Level I)'

*readfile test_data tl14

data line=mdash color=3 symbol=\ legend='IET-4 (Level 3)'

*readfile test_data t134

data line=sdash color=3 symbol=\ legend='IET-4 (Level 5)'

*readfile test_data t154

legend,ur
.

title,MELCOR Assessment: SNL IET Tests

vlabel,Dome Temperature (()K)

ulabel,Time (()s)

limits 0.0,5.0 0.0,1500.0

plot time cvh-tvap.040 file=5 line=solid color=141 symbol=_A legend='IET-5 (MELCOK)'

data line=idash color=3 symbol=_D legend='IET-5 (Level I)'

*readfile test_data tl15

data line=mdash color=3 symbol=_D legend='IET-5 (Level 3)'

*readfile test_data t135

data line=sdash color=3 symbol=_D legend='IET-5 (Level 5)'

*readfile test_data t155

legend,ur
.

title,MELCOK Assessment: SNL IET Tests

vlabel,Dome Temperature (()K)

ulabel,Time (()s)

limits 0.0,5.0 0.0,1500.0
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plot time cvh-tvap.040 file=6 line=solid color=l symbol=% legend='IET-6 (MELCOK)'

data line=Idash color=3 symbol=" legend='IET-6 (Level I)'
*readfile test_data tl16

data line=mdash color=3 symbol=" le_end='IET-6 (Level 3)'

*readfile test_data t136

data line=sdash color=3 symbol=" legend='IET-6 (Level 5)'

*readfile test_data t156

legend,ur

title,MELCOK Assessment: SNL IET Tests

vlabel,Dome Temperature (()K)

ulabel,Time (()s)

limits 0.0,5.0 0.0,1500.0

plot time cvh-tvap.040 file=7 line=solid color=9 symbol=_C legend='IET-7 (MELCOK)'

data line=Idash color=3 symbol=_F legend='IET-7 (Level 1)'

*readfile test_data tl17

data line=mdash color=3 symbol=_F legend='IET-7 (Level 3)'

*readfile test_data t137

data line=sdash color=3 symbol=_F legend='IET-7 (Level 5)'

*readfile test_data t157

legend,ur

title,MELCOK Assessment: SNL IET Tests

vlabel,AluminumMass Oxidized in FDI (()kg)

ulabel,Time (()s)

limits 0.0,5.0 1.0,-I.0

plot time cfvalu.012 file=l line=solid color=2 symbol:! legend='IET-l'

cplot time cfvalu 012 file=2 line=solid color=5 symbol=? legend='IET-IK'

cplot time cfvalu 012 file=3 line=solid color=6 symbol=> legend='IET-3'

cplot time cfvalu 012 file=4 line=solid color=t01 symbol :^ legend='IET-4'

cplot time cfvalu 012 file=5 line=solid color=f41 symbol=_A legend='IET-5'

cplot time cfvalu 012 file_6 line=solid color=1 symbol=Z legend='IET-6'

cplot time cfvalu 012 file=7 line=solid color=9 symbol=_C legend='IET-7'

legend,lr

title,MELCOR Assessment: SNL IET Tests

vlabel,Fe/Cr Mass Oxidized in FDI (()kg)
ulabel,Time (()s)

limits 0.0,5.0 1.0,-I.0

plot time cfvalu. Ol3 file=l line=solid color=2 symbol:! legend='IET-l'

cplot time cfvalu 013 file=2 line=solid color=5 symbol=? legend='IET-IK'

cplot time cfvalu 013 file=3 line=solid color=6 symbol=> legend='IET-3'

cplot time cfvalu 013 file=4 line=solid color=lOl symbol :^ legend='IET-4'

cplot time cfvalu 013 file=5 line=solid color=141 symbol=_A legend='IET-5'

cplot time cfvalu 013 file=6 line=solid color=1 symbol=Z legend='IET-6'

cplot time cfvalu 013 file=7 line=solid color=9 symbol=_C legend='IET-7'

legend,lr

title,MELCOR Assessment: SNL IET Tests

vlabel,Oxygen Mass Consumed in FDI (()kg)
ulabel,Time (()s)

limits 0.0,5.0 1.0,-I.0

plot time cfvalu.014 file=l line=solid color=2 symbol=! legend='IET-1'
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cplot time cfvalu 014 file=? line=solid color=5 symbol=? legend='IET-IR'

cplot time cfvalu Or4 file=3 line=solid color=6 symbol=> legend='IET-3'

cplot time cfvalu.014 file=4 line=solid color=lOl symbol=" legend='IET-4'

cplot time cfvalu.014 file=5 line=solid color=141 symbol=_A legend='IET-5'

cplot time cfvalu. Ol4 file=6 line=solid color=l symbol=Z legend='IET-6'

cplot time cfvalu.014 file=7 line=solid color=9 symbol=_C legend='IET-7'

legend,lr

title,MELCOR Assessment: SNL IET Tests

vlabel,Steam Mass Consumed in FDI (()kg)

ulabel,Time (()s)

limits 0.0,5.0 1.0,-1.0

plot time cfvalu.015 file=l line=solid color=2 symbol=! legend='IET-1'

cplot time cfvalu.015 file=2 line=solid color=5 symbol=? legend='IET-IR'

cplot time cfvalu.015 file=3 line=solid color=6 symbol=> legend='IET-3'

cplot time cfvalu. Ol5 file=4 line=solid color=lOl symbol=" legend='IET-4'

cplot time cfvalu.Ol5 file=5 line=solid color=f41 symbol=_A legend='IET-5'

cplot time cfvalu. Ol5 file=6 line=solid color=1 symbol=Z legend='IET-6'

cplot time cfvalu. Ol5 file=7 line=solid color=9 symbol=_C legend='IET-7'

legend,lr

title,MELCOR Assessment: SNL IET Tests

vlabel,Hydrogen Mass Generated in FDI (()kg)
ulabel,Time (()s)

limits 0.0,5.0 1.0,-1.0

plot time cfvalu. Ol6 file=l line=solid color=2 symbol:! legend='IET-1'

cplot time cfvalu.016 file=2 line=solid color=5 symbol=? legend='IET-IR'

cplot time cfvalu. Ol6 file=3 line=solid color=6 symbol=> legend='IET-3'

cplot time cfvalu. Ol6 file=4 line=solid color=f01 symbol=" legend='IET-4'

cplot time cfvalu.016 file=5 line=solid color=141 symbol=_A legend='IET-5'

cplot time cfvalu. Ol6 file=6 line=solid color=1 symbol=Z legend='IET-6'

cplot time cfvalu.016 file=7 line=solid color=9 symbol=_C legend='IET-7'

legend,lr

title,MELCOR Assessment: SNL IET Tests

vlabel,Hydrogen Mole Fraction in Subcompartments

ulabel,Time (()s)

*limits 0.0,5.0 1.0,-I.0

plot time cvh-x.6.030 file=l line=solid color=2 symbol:! legend='IET-I (MELCOR)'

cplot time cvh-x.6.030 file=2 line=solid color=5 symbol=? legend='IET-IR (MELCOR)'

cplot time cvh-x.6.030 file=3 line=solid color=6 symbol=> legend='IET-3 (MELCOR)'

cplot time cvh-x.6.030 file=4 line=solid color=f01 symbol=" legend='IET-4 (MELCOR)'

cplot time cvh-x.6.030 file=5 line=solid color=f41 symbol=_A legend='IET-5 (MELCOR)'

cplot time cvh-x.6.030 file=6 line=solid color=l symbol=Z legend='IET-6 (MELCOR)'

cplot time cvh-x.6.030 file=7 line=solid color=9 symbol=_C legend='IET-7 (MELCOR)'

data line=sdash symbol=_ color=3 legend='IET-1 (Data)'

0.0,0.0003108
2.0,0.208

5.0,0.03108

30.0,0.03108
-12345,-12345

data line=sdash symbol=< color=3 legend='IET-1R (Data)'

5.0,0.03077
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30.0,0.03077

-12345,-12345

data line=sdash symbol=© color=3 legend='IET-3 (Data)'

5.0,0.0052

30.0,0.0052
-12345,-12345

data line=sdash symbol=\ color=3 legend='IET-4 (Data)'

0.0,0.0078

2.0,0.0386

5.0,0.0078

30.0,0.0078

-12345,-12345

data line=sdash symbol=_D color=3 legend='IET-5 (Data)'
5.0,0.0276

30.0,0.0276

-12345,-12345

data line=sdash symbol=_ color=3 legend='IET-6 (Data)'

0.0,0.0259
2.0,0.2425

5.0,0.0221

30.0,0.0221

-12345,-12345

data line=sdash symbol=_F color=3 legend='IET-7 (Data)'

0.0,0.0397

2.0,0.3025

5.0,0.03264

30.0,0.02264

-12345,-12345

legend,next

title,MELCOR Assessment: SNL IET Tests

vlabel,Hydrogen Mole Fraction in Dome

ulabel,Time (()s)

*limits 0.0,5.0 1.0,-I.0

plot time cvh-x.6.040 file=l line=solid color=2 symbol=! legend='IET-1 (MELCOR)'

cplot time cvh-x.6.040 file=2 line=solid color=5 symbol=? legend='IET-1R (MELCOR)'

cplot time cvh-x.6.040 file=3 line=solid color=6 symbol=> legend='IET-3 (MELCOR)'

cplot time cvh-x.6.040 file=4 line=solid color=101 symbol=" legend='IET-4 (MELCOR)'

cplot time cvh-x.6.040 file=5 line=solid color=141 symbol=_A legend='IET-5 (MELCOR)'

cplot time cvh-x.6.040 file=6 line=solid color=l symbol=_ legend='IET-6 (MELCOR)'

cplot time cvh-x.6.040 file=7 line=solid color=9 symbol=_C legend='IET-7 (MELCOR)'

data line=sdash symbol=_ color=3 legend='IET-1 (Data)'

0.0,0.03108

30.0,0.03108
-12345,-12345

data line=sdash symbol=< color=3 legend='IET-IR (Data)'

0.0,0.03077

30.0,0.03077

-12345,-12345

data line=sdash symbol=@ color=3 legend='IET-3 (Data)'

0.0,0.0052
30.0,0.0052

-12345,-12345
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data line=sdash symbol=\ color=3 legend='IET-4 (Data)'

0.0,0.0078

30.0,0.0078

-12345,-12345

data line=sdash symbol=_D color=3 legend='IET-5 (Data)'

0.0,0.0276

30.0,0.0276

-12345,-12345

data line=sdash symbol=_ color=3 legend='IET-6 (Data)'

0.0,0.0221

30.0,0.0221

-12345,-12345

data line=sdash symbol=_F color=3 legend='IET-7 (Data)'

0.0,0.03264
30 0,0.03264

-12345,-12345

legend,next
.

title,MELCOR Assessment: SNL IET Tests

vlabel,Oxygen Mole Fraction in Subcompartments

ulabel,Time (()s)

*limits 0.0,5.0 1.0,-I.0

plot time cvh-x.5.0SO file=l line=solid color=2 symbol=! legend='IET-I (MELCOR)'

cplot time cvh-x.5.030 file=2 line=solid color=5 symbol=? legend='IET-IK (MELCOK)'

cplot time cvh-x.5.030 file=3 line=solid color=6 symbol=> legend='IET-3 (MELCOK)'

cplot time cvh-c.5.030 file=4 line=solid color=lOl symbol=" legend='IET-4 (MELCOK)'

cplot time cvh-x.5.030 file=5 line=solid color=J41 symbol=_A legend='IET-5 (MELCOK)'

cplot time cvh-x.5.030 file=6 line=solid color=l symbol=_ legend='IET-6 (MELCOR)'

cplot time cvh-x.5.030 file=7 line=solid color=9 symbol=_C legend='IET-7 (MELCOR)'

data line=sdash symbol=© color=3 legend='IET-3 (Data)'
0.0,0.0770

80.0,0.0770

-12345,-12345

data line=sdash symbol=\ color=3 legend='IET-4 (Data)'

0.0,0.0796

30.0,0.0796

-12345,-12345

data line=sdash symbol=_D color=3 legend='IET-5 (Data)'
0.0,0.0435

30.0,0.0435

-12345,-12345

data line=sdash symbol=_ color=3 legend='IET-6 (Data)'
0.0,0.0739

30.0,0.0739

' -12345,-12345

data line=sdash symbol=_F color=3 legend='IET-7 (Data)'

0.0,0.07330

30.0,0.07330

-12345,-12345

legend,next

title,MELCOK Assessment: SN[ IET Tests

vlabel,Oxygen Mole Fraction in Dome
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ulabel,Time (()s)

*limits 0.0,5.0 1.0,-I.0

plot time cvh-x.5.040 file=l line=solid color=2 symbol=! legend='IET-I (MELCOK)'

cplot time cvh-x 5.040 file=2 line=solid color=5 symbol=? legend='IET-IR (MELCOK)'

cplot time cvh-x 5.040 file=3 line=solid color=6 symbol=> legend='IET-3 (MELCOK)'

cplot time cvh-x 5.040 file=4 line=solid color=t01 symbol=" legend='IET-4 (MELCOK)'

cplot time cvh-x 5.040 file=5 line=solid color=141 symbol=_A legend='IET-5 (MELCOK)'

cplot time cvh-x 5.040 file=6 line=solid color=1 symbol=_ legend='IET-6 (MELCOR)'

cplot time cvh-x 5.040 file=7 line=solid color=9 symbol=_C legend='IET-7 (MELCOR)'

data line=sdash symbol=@ color=3 legend='IET-3 (Data)'

0.0,0.0770

30.0,0.0770

-12345,-12345

data line=sdash symbol=\ color=3 legend='IET-4 (Data)'

0.0,0.0796

30.0,0.0796

-12345,-12345

data line=sdash symbol=_D color=3 legend='IET-5 (Data)'

0.0,0.0435

30.0,0.0435

-12345,-12345

data line=sdash symbol=% color=3 legend='IET-6 (Data)'

0.0,0.0739

30.0,0.0739

-12345,-12345

data line=sdash symbol= F color=3 legend='IET-7 (Data)'

0.0,0.07330

30.0,0.07330

-12345,-12345

legend,next

title,MELCOR Assessment: SNL IET Tests

vlabel,Steam Mole Fraction in Subcompartments

ulabel,Time (()s)

*limits 0.0,5.0 1.0,-1.0

plot time cvh-x.3.030 file=l line=solid color=2 symbol=! legend='IET-l'

cplot time cvh-x 3.030 file=2 line=solid color=5 symbol=? legend='IET-Ih'

cplot time cvh-x 3.030 file=3 line=solid color=6 symbol=> legend='IET-3'

cplot time cvh-x 3.030 file=4 line=solid color=lOl symbol =^ legend='IET-4'

cplot time cvh-x 3.030 file=5 line=solid color=14i symbol=_A legend='IET-5'

cplot time cvh-x 3.030 file=6 line=solid color=1 symbol=Z legend='IET-6'

cplot time cvh-x 3.030 file=7 line=solid color=9 symbol=_C legend='IET-7'

legend,lr

title,MELCOR Assessment: SNL IET Tests

vlabel,Steam Mole Fraction in Dome

ulabel,Time (()s)

*limits 0.0,5.0 1.0,-1.0

plot time cvh-x.3.040 file=l line=solid color=2 symbol=! legend='IET-1'

cplot time cvh-x.3.040 file=2 line=solid color=5 symbol=? legend='IET-IK'

cplot time cvh-x.3.040 file=3 line=solid color=6 symbol=> legend='IET-3'

cplot time cvh-x.3.040 file=4 line=solid color=lOl symbol=" legend='IET-4'

cplot time cvh-x.3.040 file=5 line=solid color=f41 symbol=_A legend='IET-5'
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cplot time cvh-x.3.040 file=6 line=solid color=1 symbol=_ legend='IET-6'

cplot time cvh-x.3.040 file=7 line=solid color=9 symbol=_C legend='IET-7'

legend,lr
.

title,MELCOR Assessment: SNL IET Tests

vlabel,Oxygen Burned in Dome (()kg)

ulabel,Time (()s)

*limits 0.0,5.0 1.0,-I.0

plot time bur-o2-tot.040 file=l line=solid color=2 symbol=! legend='IET-l'

cplot time bur-o2-tot 040 file=2 line=solid color=5 symbol=? legend='IET-IK'

cplot time bur-o2-tot 040 file=3 line=solid color=6 symbol=> legend='IET-3'

cplot time bur-o2-tot 040 file=4 line=solid color=lOl symbol =^ legend='IET-4 '

cplot time bur-o2-tot 040 file=5 line=solid color=141 symbol=_A legend='IET-5'

cplot time bur-o2-tot 040 file=6 line=solid color=l symbol=_ legend='IET-6'

cplot time bur-o2-tot 040 file=7 line=solid color=9 symbol=_C legend='IET-7'

legend,lr

title,MELCOK Assessment: SNL IET Tests

vlabel,Hydrogen Burned in Dome (()kg)

ulabel,Time (()s)

*limits 0.0,5.0 1.0,-I.0

plot time bur-h2-tot.040 file=l line=solid color=2 symbol=! legend='IET-i '

cplot time bur-h2-tot 040 file=2 line=solid color=5 symbol=? legend='IET-IK'

cplot time bur-h2-tot 040 file=3 line=solid color=6 symbol=> legend='IET-3'

cplot time bur-h2-tot 040 file=4 line=solid color=t01 symbol=" legend='IET-4'

cplot time bur-h2-tot 040 file=5 line=solid color=f41 symbol=_A legend='IET-5 '

cplot time bur-h2-tot 040 file=6 line=solid color=l symbol=_ legend='IET-6'

cplot time bur-h2-tot 040 file=7 line=solid c_±_r=9 symbol=_C legend='IET-7'

legend,lr
.

title,MELCOK Assessment: SNL IET Tests

vlabel,Steam Generated in Burns in Dome (()kg)

ulabel,Time (()s)

*limits 0.0,5.0 1.0,-I.0

plot time bur-o2-tot.040 file=l line=solid color=2 symbol=! legend='IET-I '

cplot time bur-o2-tot 040 file=2 line=solid color=5 symbol=? legend='IET-IK'

cplot time bur-o2-tot 040 file=3 line=solid color=6 symbol=> legend='IET-3'

cplot time bur-o2-tot 040 file=4 line=solid color=t01 symbol =- legend='IET-4 '

cplot time bur-o2-tot 040 file=5 line=solid color=f41 symbol=_A legend='IET-5'

cplot time bur-o2-tot 040 file=6 line=solid color=l symbol=_ legend='IET-6'

cplot time bur-o2-tot 040 file=7 line=solid color=9 symbol=_C legend='IET-7'

legend,lr
.

title,MELCOK Assessment: SNL IET Tests

vlabel,CO Used in Burns in Dome (()kg)

ulabel,Time (()s)

*limits 0.0,5.0 1.0,-I.0

plot time bur-co-tot.040 file=l line=solid co21or=2 symbol=! legend='IET-1'

cplot time bur-co-tot.040 file=2 line=solid co21or=5 symbol=? legend='IET-IR'

cplot time bur-co-tot.040 file=3 line=solid co21or=6 symbol=> legend='IET-3'

cplot time bur-co-tot.040 file=4 line=solid co21or=i01 symbol=" legend='IET-4'

cplot time bur-co-tot.040 file=5 line=solid co21or=141 symbol=_A legend='IET-5'

cplot time bur-co-tot.040 file=6 line=solid co21or=l symbol=_ legend='IET-6'
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cplot time bur-co-tot.040 file=7 line=solid co21or=9 symbol= C legend='IET-7'

legend,lr
,

title,MELCOK Assessment: SNL IET Tests

vlabel,C02 Used in Burns in Dome (()kg)

ulabel,Time (()s)

*limits 0.0,5.0 1.0,-I.0

plot time bur-co2-tot.040 file=1 line=solid co21or=2 symbol=! legend='IET-1'

cplot time bur-co2-tot.040 file=2 line=solid co21or=5 symbol=? legend='IET-IK'

cplot time bur-co2-tot.040 file=S line=solid co21or=6 symbol=> legend='IET-3'

cplot time bur-co2-tot.040 file=4 line=solid co21or=lOl symbol =A legend='IET-4'

cplot time bur-co2-tot.040 file=5 line=solid co21or=141 symbol=_A legend='IET-5'

cplot time bur-co2-tot.040 file=8 line=solid co21or=l symbol=_ legend='IET-6'

cplot time bur-co2-tot.040 file=7 line=solid co21or=9 symbol= C legend='IET-7'

legend,It
,

title,MELCOK Assessment: SNL IET Tests

vlabel,BUK Power in Dome (()w)

ulabel,Time (()s)

*limits 0.0,5.0 l.O,-i.O

plot time bur-power.040 file=l line=solid color=2 symbol=! legend='IET-l'

cplot time bur-power 040 file=2 line=solid color=5 symbol=? legend='IET-IK'

cplot time bur-power 040 file=3 line=solid color=6 symbol=> legend='IET-3'

cplot time bur-power 040 file=4 line=solid color=lOt symbol=" legend='IET-.4'

cplot time bur-power 040 file=5 line=solid color=t41 symbol= A legend='IET-5'

cplot time bur-power 040 file=6 line=solid color=1 symbol=_ legend='IET-6'

cplot time bur-power 040 file=7 line=solid color=9 symbol= C legend='IET-7'

legend,lr
,

title,MELCOK Assessment: SNL IET Tests

vlabel,BUK Energy in Dome (()J)

ulabel,Time (()s)

*limits 0.0,5.0 1.0,-1.0

plot time bur-energy.040 file=t line=solid color=2 symbol=! legend='IET-1'

cplot time bur-energy 040 file=2 line=solid color=5 symbol=? legend='IET-IK'

cplot time bur-energy 040 file=3 line=solid color=6 symbol=> legend='IET-3'

cplot time bur-energy 040 file=4 line=solid color=t01 symbol =_ legend='IET-4'

cplot time bur-energy 040 file=5 line=solid color=t41 symbol= A legend='IET-5'

cplot time bur-energy 040 file=6 line=solid color=i symbol=_ legend='IET-6'

cplot time bur-energy 040 file=7 line=solid color=9 symbol=_C legend='IET-7'

legend,It
*
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