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1.0 

The m s  A l m s  Scientific Laboratory has an extensive program, W e d  
by the U.S. Nuclear Regulatory och;missiun, in the  developrent, verification, 
and application of camplter mthods, s p e c i f i d l y  the Transient Reactor 
~ y s i s  we (TRAC) , for the a y s i s  of Light-mter ~eactor (~ka) accidents.1 I 

High-Tmperature Gas-Cooled Reactor (m) and Liquid-Metal Cooled Fast 
Breeder Reactor (LMFBR) accidents. This rep& discusses preliminary studies 
of the Three Mile 1s- Unit 2 (W-2)  accident based on aMilable ~ t h c d s  
and data. 

’ Fdditional efforts for W irmolve investigations of phenrwa . relevant to 

The work reported includes: 

A TRA[~ base case calculation o u t  to 3 burs into the accident sequence. 

TRAC parametric calculations. mese are the same as  the base case 
except for a single hypthetical  change i n  the systm conditions, 
such as assming the high gressure injection (WI) system operated 
as designed rather than as  in the accident. 

Fuel r d  cladding failme, cladding oxidation due to zircOniun =tal- 
steam reactions, hydrogen release due to claddinq oxidation, cladding 
ballooning, cladding gnbrittlmt, and subsequent cladahg breakup 
estimtes based on W calculated cladding tapratures and system 
pressures. Estimates beyOna initial gross fuel rod deformtion must 
be regarded a s  speculative since the TRAC calculatians czurently 
as- intact core geanetry. 

Sane conclusions of this w r k  are: 

e The TRAC base case accident calculation agrees very w11 ki th  known 
system conditions to nearly 3 burs into the accident. - 







I .  . , _ .  
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W i t h i n  the time constraints of t h i s  
These specific cases wre run w i t h  TRAC. 

preliminary study, five pararretric 
cases w e r e  requested by the hW 'LMI 

special Inquiry Gmuc. The INEL is supl?lying additiondl pramtric cases. 
The primary variations of interest  were: (1) s t a r t  of auxiliaxy fedwater 
supply a f te r  init iation of the accident, (2) the effect of degraded high- 
pressure inj-on (=I), (3) the effect of early tripping of the main cool- 
ant p m p s ,  and (4) the effect  of a cold-leg break of area equivalent to the 
EMOV throat area. The delay (up to 1 b u r )  of auxiliary feedwater sup~ly as 
canpared to irmrediate init iation results, in the TRAC calculations, in very 
little difference in the long-term behavior of the systan fm. that of the 
base case. This conclusion is of importance to the TRAc base calculation 
since it dmnst ra tes  that the primary systan behavior was a relatively weak 
function of the detai ls  of the secondary system p e r f o m c e .  

dmiations fran the base case. After the pressure dropped below the W I  set- 
pint and f u l l  f l o w  was initiated, the HpI f l o w  was sufficient to fiaintain 
the system pressure at a higher level than the base case. This resulted in  a 
higher break flow than the base case, but, mre importantly, maintained the 
coolant in a sukmled state, preventing a core tarrperature excursion. This 
calculation indicates that m core damge m l d  have occurred as long as Me1 
flow was supplied. 

case in which the purmps were tripped imnediately u p n  initiation of the ac- 
cident. 
ht the available results indicate that aft& a flowcoastdm transition 
period of 40 minutes, phase separation bqins in the system. 
parison w i t h  the base case calculation in which  phase separation xcurred 
af ter  the A loop pmps were trim, we expect that this case d d  result in 
a similar core m r a t u r e  transient beginning approximtely 45 minutes earlier 
than the base case. 

The final parmetric case performd was a cold-leg break s M a t i o n .  A 

The parametric case With HPI operating as  designed resulted in significant 

The influence of the rnain coolant pumps was examined by a panmetric 

This calculation was not run as far out in  time as the base case, 

Based on corn- 

break area equivalent t o  the EMW throat area was assumed and located in the 
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A loop pump d i s c w e  line. 
higher systen pressure than i n  the base case. This cccurs because the 
equivalent area cold-leg snall-break f l m s  are l m e r  than ou t  the R.KN i n  
the base case. 
character of l e t d m  ard makeup flows as  occurreed i n  the base case, this case 
could depressurize w i t h  axe flax3 tank ac t in t ion  and subsequent core 
flooding. 

The initial transient is characterized by a 

This case was not run to carpletion, but, giveq the s a m  

1.3 Cbre Therrral-Mechanical Response. 

The concern in a reactor accident is the potential for release of 
radioactive materials. 
release is determined by the state of the reactor a r e  before the accident, 
but the mrcxlnt actually released is determined by t q a t u r e s  and OW sys- 
tan conditims during the accident. O f  particular interest are when signifi- 
cant cladding failures f i r s t  occur and allm release of fission product qases 
to the primary coolant system. 
of volati le f i s s i m  products fran the surface and matrix of the fuel pellets 
and, if not terrmna ' ted, fuel pellet melting. 
core behavior include cladding bdllooning before failure, cladding oxidation, 
embrittlexnt, and hydrogen generation frum zirconiuirrstem reactions. 

likely prior to  failure and should have resulted in scpne degree of local flow 
blockages. 
burs using W-calculated tmperatures, while not inclding local f low 
stanmtions, aqr-s w e l l  w i t h  indications of substantial radioactive material 
release. Since there was very l i t t le  steam flow through the core during the 
tanperature excursion leading to these initial cladding failwes,  then bal- 

looning shcmld not have influenced failure tims substantially. Wever,  
local flm reductions due to ballooning could have been a contribator to 
anamlous fuel bundle outlet  teqeratures masured la ter  i n  the accident. 

The anrxrnt of radioactive mter ia l  available for 

mntinued f u e l  heatup can result in release 

Pham-ena which influence the 

Calculations Micate that  considerable local cladding ballooning was 

However, the best estimate claddin9 failure tire of a b u t  2-1/2 



The calculated claddin9 failure times of about 2-1/2 burs are s h  
(Sec. 4 of report) to be not very sensitive t o  in i t i a i  rcd pressures or the 
accepted criteria used for failure predictions. 
is the high cladding tgcrperatures occurring in the upper part of the a r e  
af ter  a b u t  2 burs. The calculations indicate that essentially a l l  of the 
rds should have failed, thus releasing mst of the a r e  inventory of g m u s  
fission p r d u c t s ,  

M e r  calculations based on TNlc results indicate about 37 kg of 
hydrogen =re p r d c e d  by 3 hours into the transient (the TRAC calculations 
w e r e  tenrtinatd at  that This reaction causes smllinq and embrittle- 
ment of the Zircaloy cladding. Calculations of possible thermdl-shock in- 
duced failures assuming the hot cladding was quenched shortly after 3 hours 
show that ductile cladding muld not have suffered further failures frm 
the& shock. 
m l d  have. Thus, the axial length of cladding which was Oxidized (roughly 
the up_oer third of the core) might have failed e e n s i v e l y  during reflccd, i f  
rdlood occurred quickly. We have not performed detailed calculations beyod 
3 hours, and since the TRAC calculations beyon3 about 2-1/2 hours do not 
d e l  many of the q l i c a t e d  core phemnena, &se estbted cladding condi- 
tions are scmewhat speculative. m e r ,  the m-cdlculated system pressure 
does agree quite w e l l  w i t h  the xwasured pressure out to a lms t  3 burs (to the 
time a t  which substantial hydmgen generation begins). Thus, the core t h e d  
a d i t i o n s  used for the cladding behavior calculations to this th-e should not 
be too mealistic. 

The major controlling factor 

Ilcrwever, the mollen and Embrittled oxidized cladding probably 

1.4 HVpothetical Sequ ence Questions 

SCme specific questions were addressed to  us by the kesiiht 's comnission 
on the Accident a t  Three Mile Island: Several of these are Cwesea by the 
parametric cases smnarized in the preceding section. 
set are provided below. 
must be regarded as speculative. 

~espnses t o  the mqlete  - 
Those which go beyond the analyses discussed above 
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1.4.1 hhat wmld have been the effect  i f  the auxi l iaq f e a t e r  
1 system had been available as  designed? 

In this case (as discussed above and in Sec. 3.3 of this reprt) , the 
system muld have started depressurizing scmewhat earlier than occurred, but 
after about 30 minutes there would have been l i t t le  difference in the t m  
cases. 

1.4.2 Fjhat muld have been the effect i f  the EMCN had closed as  
designed (assuming auxiliary feedwater was made available 
a t  8 minutes as  occurred)? 

Although we did not analyze this case, it is likely there would have 
been no severe problem. 
not restored through the I91 system. I f  the water had not been lost, then a 
relatively mild pressure transient would have occurred unti l  auxiliary feed- 
water restored axl ing.  

In the accident, wa te r  was lost  through the ~~ and 

1.4.3 FWt w l d  have been the effect i f  the HPI had not been 
throttled? 

The TRAC parametric case that examined this situation is reported in 
Sec. 3.1. 
The core r&s covered and no p r h w y  systan voids OCCUT. 

could continue as long as sufficient water was available to  the HpI. 
ally,  s c n ~  final heat sink other than this makeup water, such as  the low 
pressure safety systan, would have to be used t o  continue cooldown. 

There is mre water put in by the €PI than lost  through the EMUV. 
This situation 

Eventu- 

1.4.4 F h a t  wuld have been the effect if auxiliary feedmter had 
not M available a t  any tirre? 

A TRAC parametric case (reprted in ,Sc. 3.2)  asSurrsd a 60 minute delay 
in auxiliary feedwater. The systan equilibrates between energy produced in 
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2.0 1MI-2 BASE CASE CXUUIATICN 

The TRAc-pIA ccorrputer d e 1  was used to &el and skula te  the in i t i a l  
part of the accident that occurred a t  the Three Mile Island, Unit-2, nuclear 

were  to: 
plant (IMI-2) on March 28, 1979. The purposes of this calculation 

Provide insight into the systan thermal-hydraulic pzenOmena which 
occurred during the initial accident stages. 

provide a basis to  evaluate hypothetical alternative system/operator 
responses during the accident. 

= Provide an estimate of a r e  thermal'respnse as a basis for calcula- 
t ions of cladding deformation, oxidization, ard failure. 

Evaluate and assess the applicability of TRAC to m-ICCA accident 
scenarios. 

TRAC is a best estimate, nonequilibrium, multidimnsional, thermal- 
hydraulic, steamwater (tm-phase) systms analysis capter  code written 
specifically to analyze loss-of-coolant-accidents (KCAS) in Light-Water 
Reaclmrs (DE&). 
description of the code and a demonstration of its successful assessrrrent 
against a wide range of ex_nerirrrents. 
mde here. 
a value w h i c h  when multiplied by the fluid velocity in each mnptaticnal 
cell, yields a length mller than the length of that cmptational cell. 
Typically, this results in t h  step s i zes  less than a tenth of a second. 
For application of TRAC to large-break LCCAs, this is rat a limiting concern; 
m e r ,  for transients of considerable duration (several thousand - 
ccmputer running times are quite large (many hours on a a - 7 6 0 0  class 
mchine). 

Reference 1 and Appenaix A t o  this r e r t  contain a canplete 

Cne important p i n t  concerning TRAC is 
The maXirrmm time step s i z e  for stable carptations is limited to 

seconds) 

Finally, even when relativelv large t h  stws (fractions of a 
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seamd) are permissible based on the W e  cordition, sndller t i n e  steps are 
necessary to control n w i c a l  error. 
the rt-del described in the  next section. 
reactor system use on the order of 750 cells; for the W-I-2 accident pre- 
diction, practical computing limitations constrained the total nuinber to  less 
than 100. 

This problem has a direct k b . 3  on 
Typically, TRFlJ calculations of 

2.1 TRp13 m1-2 Elodel 

A schaatic of the TRAC ncding used for the 1MI-2 -el is shokn i n  
Fig. 1. The d e l  consists of a vessel and t m  p r h q  coolant loops. Each 
loop contains a primry m l a n t  pmp and oncethrough steam generator (OTSG). 
The high-pressure injection (HPI) t o  each m l d  leg is mcrdeled, and the letdan 
system ad pressurizer are attached to the A loop. In the actual system there 
are two cold legs per loop, each w i t h  a primary mlant p n p ,  but these were 
cunbined in the TRPL: rrodel t o  reduce the number of cells. 

The three-dinmsional vessel d i n g  is shown in Fig. 2. The vessel 
mnsists of 177 fuel assanblies w i t h  208 fuel rcds w r  assenbly (tk 15 x 15 
array also includes guide tubes). Tf-ttse fuel assemblies are meled in W E  
using three axial levels, one radial ring, and t m  azimuthal sectors, for a 
total of six TRAC core cells. 
ncdhg, only two average fuel rods (24.3 kP?'/m) are used for coupling the fuel 
rcd heat transfer to the fluid dynamics. !ha hot rods are also UsEd to  model 
the high p w e r  and low power rods in the core (35.8 and 12.0 klV/m, respectively). 
The lower plenum, u m  plenum, and upper head region are each d e l e d  u s h q  
one axial level. The entire TRAC vessel mel consists of 2 radial rings, 6 
axial levels, and 2 azimuthal segments for a total of 24 vessel cells. The 
vessel d i n g  described above was u s d  for the steady-state calculation and 
during the first 81 minutes of the transient, A f t e r  81 minutes, the vessel 
"oding w a s  changed to yield mre axial detail  for natural convection and core 
thermal calculations. 

(levels 2, 3, and 4 in Fig. 2.) With this 

This revised riding is sbown i n  Fig. 3.  - 
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The hot-leg &g consists of three cells in each hot leg to  rrodel 
the inlet nozzle, vertical riser, and llcandyl=anell regions. 
11, Fig. 1.) The pressurizer is d e l e d  as a constant pressure break for the 
steady-state calculation (canpnent 121  in Fig. 1). For the transient calcu- 
lation, hawever, the pressurizer is modeled using tm pipe a x p n e n t s  as 
shown in Fig. 4. 
and the bottan section of the pressurizer and the upper p i w  mdels the top 
of the pressurizer and t k  pressurizer relief valve. The &king in the 
relief valve is deled ky using the fully -licit hmynziinics option 
(onedimnsional axnponents) i n  TRAC. Using very fine ncding, the choking 
is calculated naturally frcm an implicit solution of the equations of mass, 
rmru3ntum, and energy. 
side and five cells on the secondary side (Fig. 5). The caplete secondary 
system is not Weld; t he  ~LU&UY mnditiork to the 0I'SG.s describing the 
feedwater flow and steam line back-pressure are given by !cram systen condi- 
t ions during the accident. 

(-rents 1 

The lower pipe mdels ?art of the pressurizer surge l ine 

The OI'SGs axe M e l e d  using seven cells on the primry 

2.2 Steady-State Calculation 

Based on the geametry and riding describd above, a steady-state cal- 
culation was p e r f 0 4  to  obtain i n i t i a l  conditions prior to  the accident. 
The inpt parameters for the steady-state calculations are s h m  in Table I. 
TRAC calculated initial mdi t ions  are shown in Table I1 along w i t h  a can- 
parison with the results fran the B&W d e   CRAFT-^.^ The agremmt ap,Dears 
to be quite g d  for all paramters. 
terrrperatures can be attributed t o  the fact  that CRAFT-2 used 100% p c r  
whereas, 
the value used i n  TRAC. 
water masses is due to the fact  that  TRAC includes the mss of the steam 
generator secondary side but CRAFT-2 does not. 

2 

' 

The differences in flow rates and 

for 'IMI-2 on h W c h  28, 1979, the mer was actually 97%, which was 
The difference be- the calculated primary systm 

- 
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2.3 Transient Calculation 

Using the steady-state results, the transient d c u l a t i o n  was initiated. 
For the transient, bourdary conditions were required for the steam generator 
secondary side, pressurizer relief valve back pressure, etc. These boundary 
conditions are s m i z e d  in Table I11 and Shawn in Figs. 6-11. A sequence 
of events was also needed to simitate operator interaction w i t h  the systm 
and actual plant signals or  t r ips  tha t  OcCuTred. Using available in fom-  
tion,"' a sequence of events was developd and is sham in Table N. The 
values used for HPI, mkeup, and letdown f l m  w e r e  obtained frun plant data 
and event chronology, where available. 
s c m  of the conditions had to be assuroed. These assumptions and others used 
for the transient are shclrwn 

For'certdh portions of the transient 

Table V, 
The t r a n s i a t  calculation was initiated by tunzing off the feedwater 

flow to the steam generators. As the system pressurizes above no& oper- 
ating range the electramgnetically operated valve (W) a t  the top of the 
pressurizer opens. The system pressure continues to  rise unt i l  the reactor 
is scramned a t  about 1 0  s. 
s y s t a n  pressure drops mtil  the steam generator secondary side dries out a t  
about 2 minutes. The systgn again begins to pressurize due ta loss of heat 
sink in the steam generators and continues unt i l  auxiliaxy feedwater flow is 
established a t  about 8 minutes. 
hanced heat transfer in the steam genesator until an equilibrium state is 
achieved between the decay heat produced in the core, energy removal in the 
steam generator, and energy remmal through the break. Figure 12  shows the 
actual IEII-2 pressure bistory for the f i r s t  30 minutes of t k  accident ard 
the cwnparison With the TRAC calculation! Figure 13 shaws the loop fluid 
taperature  respnse for the f i r s t  30 minutes and the carprison with TRAC. 
The pressure and temperature cmparisons are in gccd agreement with the data 
for this p r i d  

then rises as dawn i n  Fig. 12. men  he EPDJ opens, saturated Steam a t  the 
top of the pressurizer rapidly escapes and the pressurizer water level rises 
as the s tem volm a t  the top of the pressurizer is replaced w i t h  a tm- 

A depressuriza+ion period then b e g h  and the 

4 

Then, the systm dep=ssurizes due to  en- 

During the f i r s t  30 minutes, the pressurizer water level ini t ia l ly  drops, 
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phase mixture. When the two-phase mixture begins t o  leave the EMOV, a e  
mass flow rate increases and the water  level begins to drop rapidly as  the 
pressurizer enpties. 

HPI systems are started, a t  which time the water level begins to rise. The 
mikeup, letdam, and HPI f l m s  used during the f i r s t  8 minutes w e r e  &ly 
to control the water level in the pressurizer, not to replace the mlant 
lost ou t  the w. The pressurizer then remix full un t i l  the water kecms 
saturated a t  abut 10 minutes, 
as the system depressurizes and the water level drops u n t i l  the system pres- 
sure stabilizes. The pressurizer then fills and m i n s  essentially fu l l  
until approximtely 85 minutes. 

For the period from 30 minutes u n t i l  80 mi.nutes, the s y s m  is i n  a 
quasi steady-state d e  in  which the energy produced in the reactor core 
is rmed prirmrily in the steam generators. 
the steam gmerator, the primary system pressure closely follows the back 
pressure on the secondary side (Figs. 9, 10, and 14) .  The fluid tarrperatures 
in the systm are a t  saturation during this l 3 . 1 ~  and are folloWing the system 
pressure, 
histories, almg w i t h  the Ti?Ac calculation. since the pressure is relatively 
constant during this period, the break flaw out the ENCW is also constant a t  
about 20 kg/s. (Fig. 17.) Coolant is continually being lost fran the system 
through the EEIOV. 
since it was a s s d  that letdm flaw was in excess of HPI and IMkeup flows 
by about 2.7 kg/s. 
is being continually lost ,  p d u c i n g  voids throughout ' the primxy side. Fig- 
ure 18 shows a void fraction profile in the vessel for the f i r s t  80 minutes. 
The curves represent the void fraction in each axial level frorn the hottan to 
the top of the vessel (refer to  Fig. 2 for the vessel ncdinq diagram). 
u~per head ampletely voids a t  about 27 minutes and rmins voided for the 
entire calculation. 

The pressurizer continues to m y  un t i l  the m e u p  and 

A t  this &, flashing of the water begins 

Due to  good heat transfer i n  

Figures 1 4 ,  15, and 16 sbw the actual pressure and taperatwe 

Also, coolant is being los t  through the l e t d m  system 

The system is at. saturation during this period and coolant 

The 

The core regions are prducing voids a t  roushly a constant rate u n t i l  
the B loop pumps are trim a t  73 minutes. A t  this t i m e ,  phase se-paration 
m s  in the B loop and the resulting elevation head in the loop is high 

- 
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enough to force some w a t e r  into the vessel. This results in a void fraction 
drop in +he core region, but this additional water is rapidly boiled off. 
Although the void fraction in the core is increasing during this period, the 
fuel rods remain cool due to nucleate boiling heat transfer in the core 
region. 
minutes. Since there are significant voids thmughout the system, the 
heads and mss flow rates are degrading due to --phase flow losses. 
ApFenaiX B for pmp, mass flow rates and other systm variables during th i s  
p i a d . )  
r a i n  cool due to adequate farced convection fran the A loop pmps and the 
E m V  f l w .  

%e fue l  rods rernain mol until the axe partially uncovers a t  101 

(See 

Although the B l c q  p\mrps are tripped a t  73 minutes, the fuel rods 

For the period f m n  80 minutes t o  138 minutes, the system is in mre 
of a transient d e  as opposed to the previous quasi steady mde. The 
transient d e  first Starts when the B loop paps are trim and the sean3ar-y 
side pressure of the B lcmp CrrSG begins to drop (Fig. 10) . 
pressure causes the primaq side to also drop slightly in  pressure until ade- 
quate heat transfer (forced convection) is lost. When this h a m s ,  the sys- 
tan pressure begins to rise (Fig. 14) due to  loss of h t  transfer in the B 
loop steam generator and the increasing A loop steam generator back-pressure 
(Fig. 9) .  Since the A loop 
still amilable through the A loop steam qenerator, causing the Frimary system 
pressure t o  follow the secordary side pressure. A t  91 minutes, the pr- 
system pressure begins to decrease due to  increase3 auxiliaxy feedwater flow 
to the A loop steam generator and increased letdown flow, This also causes 
the pressurizer trater level to decrease (Fig. 19). The qstm pressure con- 
tinues t o  decrease a t  a constant rate u n t i l  the A loop pwlps are trip@. The 

slope of the pressure curve then changes due to loss of forced convection 
through the A loop steam generator. 
change in slope as  dramatically as the data (Fig. 14); hobever” the a g r m t  
is still reasonable. 
lxlring t h i s  time, the temperatures are essentially following the systgn 
pressure. 

This drop in back- 

are still running, god heat transfer is 

The TRAC calculation does not sbw this 

The loop temperatures are shown in Figs. 15 and 16. 

- 
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Khen the A loap pmps are trim a t  100 minutes, phase separation 
c a m s  thmughout the system and the axe becanes partially uncOvered (top 
two Core levels in the vessel, Fig. 3 ) .  
Fig. 20 which shcrws the void fraction profile i n  the vessel (note that the 
vessel ncding was refined a t  80 minutes to  mre accurately track the water 
level i n  the are, Fig. 3 ) .  then the core unmers, the f ~ ~ l  rod tempera- 
tures (hot rod) increase to about 700 K (Fig. 21). 
WaSterRuna ted due to core rewetting caused by saw of the water in the loops 
-tying out into the v2sSel. As in the cxse wfien the B loop pups were 
tripped, phase separation in the loops results in an elevation he& i n  the 
steam gmerators which is large emugh to force sdf3 water into the vessel. 
This additional water in the core beghs t o  bil off as the systan depres- 
sur izes  and the core again begins to uncover a t  a b u t  120 minutes. FIW 
this point on, the fuel rods continue to  increase in m a t u r e .  

The beginning of a x e  unavering a t  100 minutes, as calculated by 
“RE, is in agrement With the data analyzed by EPRI.‘ For -le, in can- 
paring the mass inventory in the primary system fran the TRAC calculation to 
that: reparted by EPRI, it is seen that after 100 minutes T%iC calculates the 

This is Sraphically illustrated in 

This tarrperature rise 

total system m s  loss t o  be 1.275 x 10 5 kg, while EPRI gives a range of 
1.05 x 10 5 kg (minimUm) to 1.235 x lo5 kg (mccimn). TRAC is calculating 

about 3% higher mass loss than the EpRI maximum estimate. 

pressurization frrm 100 minutes to 138 minutes, a l a r g e  letdown flow had to 
be used (15.0 kg/s) . This is because the EMW flow severely degrades (Fig. 
22) after the A loop p q s  t r i p  and the water level drop in the pressurizer 
(Fig. 19).  
over this period. 
the HPI flai rate. 
was &rea& after 100 minutes, but no values are given. 
amdensation muld also cause the system t o  depressurize. 
value was given, the best e s t k t e  value of 2.2 kq/s was used. 
flow used during th i s  period accounts for the flcw rate drop in b- EMOV 
and the increased K ~ I  flow. 

It is irrportant to note that in order for TRAC t o  calculate the de- 

The EMOV flow drops from 20 kg/s to an average of about 6 kg/s 
Wtkr variable that is important wing this period is 

Several sequence of events reports state that HPI f l o w  
If it was  increased, 
R x w e r ,  since no 

me letdam 
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From about 120 minutes to  138 minutes the water level in the core is 
m m  and the rods are heating q a t  roughly 1 K every 4 s. 
\amities are on the order of 0.5 m/s and the Em3v and letdm f l w  rates 
enhance the flm rate  through the core. 
ficients to be higher than those calculated by natural convection. The loops 
are essentially void af ter  138 minutes, water remining only i n  the PW? suc- 
tion legs. 
The pressurizer level drops, due rnainly to liquid flashing caused by depres- 
surization and increased letdown. 

TIE vapr 

This causes the heat transfer coef- 

(Refer to Appenaix B for additional plots during this period.) 

A t  138 minutes, the block valve was shut on the pressurizer. In the  
TRAC calculation, it was also assun& that after 138 minutes the rakeup and 
l e t d m  f l m  are equal. When the blmk valve is shut,  the steam flow in 
tb core stagnates, since there is no path for the vapr to escay. =so, 
the water in the pmrp suction legs (loop seals)  prevents any flow throuGh the 

loops, hence, there is m natural circulation through the system. The system 
begins to pressurize and continues to pressurize for the remainder of the cal- 
d a t i o n .  
the ?MT data. Also sham is the pressurizer wa te r  level history. During 
this period the wpor velocities through the are are generally less than 
0.1 m/s and the heat transfer coefficients are very low (on the order of 
50 W/m s K, representative of natural convection to superheated s team) .  
vapor begins to superheat since the flow is stagnant and the rod tgnperatures 
continue to krease (Fig. 21). Figure 24 shmx the vapor tgnperature in the 
core during this period for each axial level i n  the vessel. 
core void fraction profile is shown in Fig. 25. 

systan which causes sane of the water i n  the lmer plenum to be forced up 
into the core. 
fractim for several hundred seconds. 
out a t  about160 minutes. 
boil the water rapidly and the boiling causes the vapor velocities through 
the core to in=rease for a short p e r i d  of tim. 
velocities cause the heat transfer coefficients to increase and the m p r  
temperatures t o  drop, With a resulting drop in I-& temperatures (see F i p .  

Figure 23 m the TRAC calculated pressure history m e d  to 

2 The 

The corresponding 

As s m n  as the EXWV is shut, a pressure oscil.lation mves through the 

Tkis is the reason core level 4 has a decrease in void 
Eventually, this core level  dries 

Before t h i s  core region dries o u t  it begins t o  

me increased &pr 
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21 and 24 at 9600 s). 
velocities decrease, the vapor b e g h  to superheat, and the rods again heat 
up. The rods a n t h u e  to heat up at roughly the sane rate as  before (1 K 
weqr 4 s) until the zirmnium-steam reaction -ins to provide a significant 
additional heat source (a t  1273 K). 
increases to about 1 K per s. The calculation was stop@ once the tarrpera- 
tures exceeded 1650 K. 

wrt, as  soon as t h i s  core level dries out the mpr 

A f t e r  this time the tmperature rise rate 

During this period, the lower plenum i n  the vessel ramins full of 

water and the bottom core level has roughly 70% water redningin it. mly  
the top 75% of the core is unmvered. The fuel rcd tenperatures raMin 
relatively cool in the lower axe region (see W i x  B for  additional plots 
during this period). 
is increasing both i n  the TRAC calculation and the DII c?ata during this t h e .  
lpre pressurizer never empties because steam p r c d u d  i n  the mre "holds up" 

the water in the pressurizer, 

sults are in good agreement with the IMI-2 data and they satisfy the objec- 
t ives Listd a t  the beginning of t h i s  section. 

Also, referring back to  Fig, 23, the pressurizer level 

Overall, for the sgiuence of events and assmptions used, the TRAC re- 
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3.0 TR?C PARAMEI?IIC cAXUIATICNS 

This section smrnaxizes the results of five TMI-2 -Darmntric calcula- 

tions performed with TRAC. The first three paramskic cases (see Table VI) 
involve variations i n  the tim of initiation of the auxi l iaq feedwater ard 
also variations in the HPI flaws. The auxiliary feedtwater is delayed 60 
minutes following accident initiation in cases A-3 and Ad. Case A-3 uses 
f u l l  €PI. when the pressure is less than 110 x lo5 Pa (1600 p i a )  and case 
A-6 assunes “degraded” HPI flows (degraded means a s  it h e e d  during the 
IMI-2 accident). Case A-4 assums that the auxiliaq feedwater is turned 
on at the tirre of accident init iation and also assums degraded HpI flows. 
?he fourth parametric calculation assures that all main coolant pzmrps t r i p  
simultaneously w i t h  the reactor t r i p  at 10 s. The last case investigates the 
effect of a snall break in a primry cmlant cold leg. All other botrndary 
a i  i n i t i a l  conditions for these &&ations are the same as in the base 
case described i n  the previous section. 
of the once-throuqh steam generators (OTSG) used for these cases was a s h  
to be the same as that used for the base case. Since the steam generator 
secondary side tends to  d r y  out in the calculations to be described, there is 
only a W dependence on arsG secondary side pressure. 
ncdhg was also the same as used in the base case (Figs. 1-4). 

* 

The pressure on the secondary side 

The TRAC system 

3.1 Delayed Auxiliary Fe&wa&ir/”ull HPI (Case A-3) 

Figure 26 shows the calculated pressure i n  a TRAC cell located in the 
upper plenum for the first 5000 s of the transient in case A-3. Also shown 

* 
These specific cases were requested by the K / B U  Special Insuiry G r w p  
and the case number designations are that groups. 
designated A-5.) 
Engineering Laboratory. 

(The base cak. xis 
Other cases are being provided by t he  Idab Nationdl 



it _I 

'I 

Case 
&sicmation* 

A u x i b z y f e e d w a t e r d e  
layea until 60 minutes 
following accident 
initiation. NlHPI 
anwhen P < 1600 psia. 

. .  

Auxiliary feedwater de- 
layed until 60 minutes 
follawing accident 

HPI . initiation. Des;raaed 

9eqraded'* HPI 
m a n s  as occurred 
during '1MI-2 
accident. 

A u d i a x y  feedwater 
hurted on a t  accident 
initiation. Degradd 
HPI . 
All main ooolant pmps 
t r i e  a t  accident 
initiation. Degraded 
HPI. 

Cold-leg break With arm 
equiwlant t o  EmV. 
l h p d e d  HPI. 

A-3 

A-6 

A-4 

4, 

5 .  

* 5 
Case naTlenclature adopted by N€C/'INI Special. Insuiry Group. 
was designated A-5. 

Base case 

D-2 
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is the base case pressure for the srmze cell (other pressures in  the vessel 
are shSar) .  As mentioned previously, case A-3 assums full HPI flaws a t  a 
s e t p i n t  of ap;?roximately 110 x 10 Pa (1600 psia) and a delay in auxiliary 
feedwater of 60 minutes. As can be seen frm Fig. 2G, the initial pressure 
for case A-3 matches that of the base case until  the HPI s e t p i n t  is reached. 
Beyorti t h i s  point, the HPI is sufficient t o  keep the pressure in case A-3 
a t  a quas i  steady-state level mch higher than the pressure of the base case. 
Figures 27 and 28 show an HPI mass flow rate (there are tm HPI systems w i t h  
equal flm rates) and the m s  flow rate out of the break for case A-3, 
respectively. lXle to  a lack of detailed infomation, the HPI flaws are 
nodeled as  constant velocity fills after the setpoint is reached. Thus, 
both HPI flows remain constant a t  agproxhately 32 kg/s. The total HPI flows 
exceed the f l m  out of the break far the first 3000-4000 s of the transiexk. 
From this point on the total HPI flow rate is amroximtely equal t o  the 
break mss f l m  rate. T ~ E ,  the system is essenthl ly  running in a steady- 

state forced ccmvection d e  throughout the transient (assming the main mol- 
ant prsnps raoain on) and there are no voids font& in  the vessel a t  a l l  for 
case A-3. Figure 29 shms midplane bt-rad temperatures for case A-3 and the 
base case. Since no voids fonn in the mre for case A-3 the rod temperatures 
are well below those of the base case. 
in t i r t ~  than shown in the graphs and the rcd tmperatures for case A-3 remained 
low. The delay in auxiliary feedwater injection of 60 minutes had no effect on 
tk long-term results of this transient: Thus, for th is  particular case the 
hprtance of full HPI flaws far outshadows any delay in the auxiliary feed- 
water and makes the cansequences of this transient mild carpared to  the base 

5 

This calculation was run further out 

case. 

3.2 Delayed Auxili;lry Fe&water/begr aded HPI (Case A-6) 

Case A-6 is similar to case A-3 except that degraded HPI f l w  are used 
Figure 30 shows the t k  history of-the pressure rather than fu l l  HPI flaws. 

for case A-6 and the base case for the first 5000 s of the transient. 
the awCiliaq feedwater is delayed 60 minutes in case A-6, the pressure in 

Since 
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th is  w e  rgMins high ccmpared to the base case mtil  the heat sink is re- 
stored at 3600 s (the base case auxiliary feedwater caws on a t  about 500 s). 
bl.ike case A-3, the pressure rminS Ngh due to vapr prduction and a lack 
of adequate energy r m l ,  since there is very little Hpr f low entering the 
vessel. 
while tk axe and upper plenm in case A-6 void mre ra?idly than the base 
case, which explains the higher pressures in case A d .  Hot-rod ter;r_oerature 
ccnrparisons are shown in Fig. 3 1  for case A-6 and the base case. The be- 
havior is very similar to  that of the pressure. 
30-40 K higher than the base case U n t i l  the a u x i l i q  fedwater is initiated 
a t  3600 s ,  then these t v a t u r e s  drop because of mre efficient energy re- 
mval and follcrw the base case, It appears that a delay i n  auxiliary feed- 
water, a t  least during the i n i t i a l  5000 s of the accident, does not make an 
appreciable difference in the long-term respnse of the systar! since the ke- 
havior of case A-6 mkhes, very closely, that  of the base case after init ia- 
tion of auxiliaxy feedwater flows. 

The upper head in the base case voids mre rapi6ly than case A-6 

Case A-6 tmp=ratures are 

3.3 N l  A u x i l i a r y  Fdwater/Degr aded HPI (Case A-4) 

Case A-4 differs frun the base case and case A-6 since there is no the 
delay assuned for the ini t ia t ion of auxiliary feedwater. Case A-4 assures 
degraded HPI flws. Figure 32 shows a pressure ccmparison of case A-4 and 
the base case for the f i r s t  3500 s of the transient. 
as& a delay of about 500 s for auxili;ury fedwater, the pressure decay 
for the base case is not as  rapid as that of case A-4. Hmever, after about 
1000 s ,  the pressures for the tvm cases are almstidentical .  The hot-rod 
teqeratures f o l l w  t h i s  s m  trend as  shown in Fig. 33, where the base case 
M p r a t u r e s  r d n  higher than tfrose for case A-4 Until 500 s, a t  which t h e  
the base case t a n p e r a t u s  drop to  about the sa~ne  level as those for case A-4. 
It is obvious frcm the results of case A-4 that, again, auxiliary feedwater 
delay makes little difference on the long-term bd-evior of the transient. 

Since the base case 
~ 
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3.4 MaincbOlantPump s T r i m  (Case D-2) 

This pxarretric calculation is designated case D-2 and a s m s  that a l l  
10 s) .  The calcula- 

The 
main m l a n t  pimps t r i p  a t  the time of reactor t r i p  (t 
tion was not run far  enxlgh to  be ccmpared in detail  with the base case. 
discussion to follcm wil l  be based on caparisons of calculations of the f i r s t  
4000 s of the transient and sawhat speculative extraplations kyord that 
t h ~ .  Figure 34 shms a plot of the upper plenum pressures for the base case 
and case D-2 for the first 4000 s of the transient. Init ially,  the pressure 
decays rrorrotoNcally for the f i r s t  600 s to a level slightly higher than the 
base case. 
than the base case. This is minly due to increased v a p r  production in the 
core and upper plenum resulting frcm phase separation in the vessel. Figure 
35 sbws void fraction plots for each level in the vessel a t  the sarrr radial 
and axial position. It can be seen fran this figure that phase separation 
occurs in case D-2 around 2500 s (the lower levels f i l l  w i t h  water and the 
upper levels void). A similar plot for the base case can be found in Fig. 18. 
P a r t i a l  phase separation in the base case occurs a t  a b u t  4400 s (when the  B 
loop pma is tripped). A mre complete phase 'separation occurs in the base 
case a t  a b u t  6000 s when the other p n p  t r ips .  Therefore, it might be ex- 
pezkd that  the cladding t-atures in case D-2 txxlld increase rapidly on 
the order of 1 hour before they do in the base case. me miyht also ex- 
cladding failure to occur a t  1-1/2 to  2 hours into the transient for t h i s  case, 

A t  about 2500 s the pressure rises back up to a leve l  mch higher 

3.5 Cold-Leg Break P a r a m t r i c  Case 

As a conparison to the base case, a cold-leg break was calculated using 
TRAC With the same break flow area as the EXQV i n  the base case. 
was located on the A Imp i n  the pmp discharge l ine  (Fig. 1). 
conditions were the same as i n  the base case with the exception of the P I  
on the A l o p ,  which was not d e l e d .  

The break 
A l l  other 
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4.0 CORE . ICAL'RESPONSE 

severe off-normal corditions tha t  "the zircaloy-cltd fuel rcds were 
subjected to during the IMI accident were l ikely t o  have caused sweral 
potentially important p h m a ,  including cladding bal1cmi.q prior to 
failure, cladding failure (rupture) , cla6ding swelling and hydrogen evolu- 
tion caused by zirconium oxidation, and, finally, possible thermal stress- 
induced cladding fracture and fracpntation during reflccd. Each of these 
five phencmna W i l l  be considered in detail. based on t 3 ~  TRAC calculations out  
to 3 hours in the accident. 
lations related t o  each particular phenanemn. 
behavior w i l l  be carrpared to the actual behavior as inferred fran the data 
accumSated during the accident. Thus, for emple, the predicted fuel rcd 
failure (rupture) time can be canpared to the tirne a t  which high radiation 
levels w e r e  f i r s t  okerv&i. 

Included belaw is a section detailing the calcu- 
mere pssible, the predicted 

The calculations reported belaw used the results of the base case "PAC 
calculation. The information used frcm TRAC included the system pressure and 
cladding temperatures as a function of time. 
used the upper plenum pressure shcrwn in Fig. 36. This single pressure can be 
used to represent the pressure everywhere in the core since the pressure drop 
across the core is small carpred t o  the average system pressure. The TRAC 

representation of the core includes 1 radial node, 2 a z h t h a l  SectOrs, and 
5 axial nodes i n  the core. Thus, we have cladding tapzrzture data for bo 
average rcds (the tm azimuthal nodes) a t  5 axial levels (Figs. 37 and 38) 

In addition to the  average rcds, TRAc also calculates tspratures  for a hot 
rod. 
sham in Figs. 39 and 40. 

For the systm pressure, t?e 

The h 0 t - d  c i a i n s  taperatures (for the t m  azir;luthal rides) are I 

In addition, tbe vapr fractions a t  each of the 
5 axial levels (representing the water inventory in  
of t i r ~ )  are shown in Fig. 41. This plot is useful 
the axial variations i n  the cladding t-ature. 

the core as a function 
in derstanding SOITe of 
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4.1 Cladding Ballooning 

cladding ballooning is the relatively large p e m e n t  increase in 
diameter (also cdlled azimthal or  diamtral  strain) that  the Zircaloy 

cladding experiences during a transient prior to eventual failure. 
are four features of the fuel rcds and/or the transient that  tend to p m t e  
ballooning. These are: 

There 

1. 

2. 

3. 

4. 

Zircaloy cladding is very ductile (that is it aperiences 
large deformations prior t o  failure) 

The rods are in i t ia l ly  prepressurized to about 30 atn-ospkres 
(at rcun tenperature) to prevent cladding creepdm during 
normal steady-state operation 

The system pressure during the transient is m i d e r a b l y  
below the n o m 1  operating pressure of about 2200 psia. 

The cladding te rpra ture  is considerably above the mrml 
steady-state operating temperature. 

Ballooning is directly related (to first order) to  the pressxe ~ I O D  & 

across the cladding (rod internsl pressure minus system pressure) and the 
local cladding tanprature. 
the high cladding temperature are w e d  to lead to large cladding balloon- 
ing and l ikely cladding failure. 
cladding failure is inded calculated to  occur. 

?he large pressure drop across the cladding and 

As w i l l  be sham in the next section, 

A large diametral cladding strain is mtenti.ally inpr tan t  because of 
the effect on the coolability of the fuel rods. The increased s i z e  of the 
fuel rods leads to a decrease i n  the volume available for the coolwt (stebr;i 
&/or water). 
essary t o  increase the coolant velocity by an munt that i s  (neglecting changes 
in the heat transfer coefficient) inversely pmprtional to the charqe (decrease) 

Hence, to mainbin the same level of cooling, it muld be nec- 
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in the Coolant channel area. This change in coolant channel area w i t h  increase 
in cladding di-mter is illustrated in Fig. 42. 

1.3 and t k  f l w  xed A can be atpressed as 
Far the 'IMI plant design, the pitch-to4iameter ratio (S/D) is a b u t  

2 0.536 S 

I In other wrds, the volm occupied by the coolant is 53.65 of the core 
VOllJRE. 

tact between adjacent fuel rods, m s  when the d e f o d  cladding dimter 
D; j u s t  equals the rod pitch, S. The dimtral strain for this case is 
given by 

The mximum increase in cladding diarreter that  can occur prior to  con- 

A D = D ' - D  
D D 
- -  

- S - D  -- 
D 

.., 0.3 0 

Thus, a dimtral  strain of 30% j u s t  barely results i n  rod-to-rd contact. 
 he restricted coolant channel area? A ' ?  for this case is given i q  

2 = 0.215 S 

In other wrds, the mlant volume fraction has been reduced fran about 
53.6% down to 21.5%. 

are calculated to f a i l  (rupture) during the first 3 hours of the accident. 
Using this fact, it is relatively simple t o  calculate a rmxirmm cladding . 

In the next section of this report? it w i l l  be sham that the fuel roils 
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s = rod-to-rod spackg (rod pitch) 
D = uradefod cladding diameter 
A = i n i t i a l  mlant channel area per rcd 

restricted coolant channel area per 
rod 

Fig, 42. Eaeduction in channel area w i t h  cladding ballooning. 

fission gas plenum 

cladding 

fuel-cladding gap vo1m 

fuel pellets 

Fig. 43. E'uel rcd d e l .  

-__- . -  
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dimtral strain that ocmrs just a t  the t ime  of failure. The accepted hand- 
bodk of inaterials properties for use in the analysis of IwR fuel rcd behavior, 
mWEz)-Version 11,' provides a correlation that relates the circumferential 
c m i n g  elmgaticgl (or d iamtra~ .  strain) to the l o c a ~  -ture.lo (~ote 
that this mrrelatian is quite approxin\ate because the e f f e c t s  of cladding 
stress, strain, and strain rate are ignored.) This correlation is given by 

for T < 1090 

E =  (0.198 -i- 4.16 x D T + 2.06 x 10 -7 l ? )RF 

for 1090 < T < 1170 

E = (9.0623 - 7.492 x loW3 T)F D 

for 1170 < T < 1600 

f o r  T > 1600 

- _  AD - 0.6021 F 
D 

(4) 

(5) 

where 
T =  
R =  
F =  

cladding tenperatwe (K) , 
factor t o  account for the effect of cold mrk and i r rad ia t ion ,  and 
factor to  account for the effect of cladding taprature gradient.  

The 
It can be 

calculated failure tmpratures from Sec. 4.2 are high (about 1000 K ) .  
seen f m  m. ( 5  ) that t h i s  tapratwe is very close to the tenper- 

ature,of 1090 above which the effects of cold work and irradiation no longer 
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need to  be amsidered (they are axpletely annealed out). -re, the 
c l a w  is sham to be hot for an extended period of tim prior to failure 
(Figs. 37-40). Thus, it is reasonable to a s m  that the effects of mld 
wrk and irradiation are very nearly annealed out and R is about 1.0. 
addition, the tanperature gradient across the cladding is very mll (a f e w  
degrees) because the transient is much longer than the thermal t h  constant 
of the fuel r~d. me expression for the factor F" is given a s  

In I 

where AT = temperature variation across the cladding ( K ) .  For a AT of only 
a few degrees, F is &so very close to 1.0. 

perature of about 1000 K, E3q. (4) predicts a diametral failure strain of 
0.82. This is clearly larger than the strain of 0,3 that is required to 
cause rod-to-rod contact, Thus, it appears that  even i f  we are overpredicting 
the cladding strain using 4. (4),  it is mt likely that enough s k i n  does 
OCCUT to cause rod-to-rod contact and the associated restriction i n  flaw area. 
Any possible feedback on the s u b s x p n t  coolability of the core (see for ex- 
ample &f. 12) is not included in the TRX calculations. 

extent of t-he fuel pins, FKxn Figs. 37-40 it can be seen that only axial 
d e s  6 and 7, (the u p x  third of the core) reach a Xgh tanperatwe prior to  
cladding failure at about 1000 K. The axial level just helm these tm nodes 
is almst 200 X cooler a t  the time of rcd failure. 
looning i n  all but the upper third of the core is expcted to  be much smaller- 
Also, the largest deformations are l ikely to  be localized so that the f l o w  
area reductions m y  not be as large as noted above. 

Making these approxinations ard using a typical calculated failure tem- 

The large strains calculated above do not occur over the entire axial 

Thus, the cladding bal- 

4.2 In i t i a l  Cladding Rup ture 

Fuel rcd cladding rupture is an i m p r t a n t  phencarwon because of the 
associated release into the system of the free (not in the fuel matrix) 
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-LIS fission product ir~~mtory contained in the rod. This section of the 
report detzils  the assunpticms used and the calculations dane i n  determining 
the tim of initial fuel rod rupture during the ?MI accident. l%e points 
discussed will be * t i n e  of ini t ia l  f u e l  rod failures (predictions for the 
hot rcds) , the temporal coherence of these failures (failure of the hot rod 
vs ths average rod, for exanple) , and the sensitivity of the calculated rod 
failure tim t o  the assued pressure i n  the rod. 

listed as causing cladding ballooning (high internal rod pressure, low sys- 
tan pressure, and high cladding t q a t u r e )  . 9-e consequences of fuel rcd 
failure are release of the free gaseous f i s s i m  product inventory in the rod. 
For t h i s  particular calculation, it is possible to check on the accuracy of 
the prediction since the t k  a t  which high radiaactivity levels were f i r s t  
msured should correqnnd to the t k  of multiple fuel r d  failures. 

a IaXxJledge of the Zircaloy cladding hoop stress and terrperature. To calcu- 
l a t e  the cladding hoop stress, we me1 the fuel rod as a closecl cylinder as 
sbwn in Fig. 43. The void velum inside t h i s  fuel rod (fission gas plenum, 
fuel-cladding gap volcarrt, fuel crack volume, pellet dish volume, etc.) is 
pressurized by the in i t i a l  f i l l  gas (the rods are prepressurized to about 
30 amspheres to  prevent cree@own of the cladding during steady-state 
irradiation) as well as any fission gas releas4 f rm the fuel matrix durinF 
pcxsper operation. muse  of the long time scale of the ~u-2  accident, it is 
reasonable to asscane that this internal rod pressure is axially uniform within 
the rod. 

Given the internal rod pressure as well as the pressure outside the fue l  

The conditions that lead to fuel rod failure are the s a  conditions 

'Dm separate predictions of rod failure wexe made; both of which rquire 

rod in the coolant channel, we can approximate the three principal stresses 
(radial, circumferential, and axial) in  the cladding as 

0 = (Pi + P0)/2 r 



78 

Po = cmlant channel pressure, 

d = averaqe diamtter of Zircaloy cladaing, and 
t = thickness of the cladding. 

The circumferential stress [Q. (10) 1 , w e t h e r  w i t h  the local cladding 
tglperature can be used to ndke a predi&ion of cladding failure. 
analysis, we have used two separate, independent failure criteria. me f i r s t  
of these is a failure h00p stress cr i ter icn as given in MIUPFO-U..~~  his 
criterion predicts cladding failure to occur when the circumferential stress 
[as calculated in  4. (lo)] exceeds a rupture stress given by 

In our 

’ 

(8.42 + 2.78 x T - 4.87 x I? + 1.49 T3) (12) 
(J = 10 rumre 

where T = the cladding -ature (K). 

based on the results of sane Zircaloy creeprupture tests perforrrred a t  the 
chalk River Facility in Can~x3a.l~ In these tests,  seztions of unirradiated 
cladding were pressurized to sa-re huwn internal pressure an3 heated to tein- 
peratures typical of those tha t  might be experienced during an accident. The 
measuTed cladding failure tirres f m  these tests axe s h m  in Fig. 44 as  a 
function of cladding temperature and internal pressure, 

the taprature/pressure data pints i n  the experiments t o  the conditions en- 
oountered during the 1MI-2 accident. The Larson-Miller pa ra~ te r ’~  is a use- 
ful tool to aid in this extraplatiai. It has been found that,  t o  a good ap- 
proxhmtion, one can define a temperature i n d e m e n t  constant that relates 
the stress-rupture life- of a mterial to the mterial temperature. For 
any given stress state, this constant (the Larson-Miller parameter) is  given 
by 

To check the validity of this criterion, w also used a failure criterion 

!b use t h i s  cladding rupture data, it is necessary to ex-tralplate f r m  





IMP = . [log + c1 
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where 
T = material temperature, 
tr = stress-rupture l i fe t i re ,  and 
c = constant dependent only on wfiat the mterial is (usually taken 

as abaut 20). 

A least squares f i t  of the stress-rupture data (fm Fig. 44) to  4. (13) 
was made in order to  deterrmn ' e the Iarsan-Miller pramter as  a function of 
cladding circumferential stress. 
calculated a t  seven stress levels and a linear interplation was used else- 
where). Thus, h m i n g  the  cladding hoop stress, one can cdlcuhte an appropr- 
iate Iarm-Miller prameter. This value, along w i t h  the cladding t w a t u r e ,  
can then be used [Eq.  (13)] to  calculate the cladding stress-rupture l i f e t h .  

KnckTing the stress-rupture l i f e t h e  as  a function of time, one can use 
a l inea r l i f e  fraction rule failure criterion to calculate cladding failure. 
Such a criterion states that over an i n c r m t  of time A t  during which the 
cladding stress-rupture lifetirne is tr(ae,T) (thus ae and T are constant during 
the time increrent) I a fraction of the cladding lllifell is ~ 0 1 1 s ~  equal to  

(Actually, the Uson-Miller parmter was 

16 

?his can easily be extended to the case where ae and T vary w i t h  t h  (as 
during the accident) by defining a life fraction as a function of t 3 . n ~  given 
bY 

Failure is assurred t o  oaxr wfien IP = 1.0. 
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For each prediction of’  cladding failure, t .e state o the fuel rcd was 
&kind from the results of the base case TRAC calculation. 
lation provided the hot and average rod temperatures (Figs. 37-40) a,!.! the 
system pressure (Fig. 36). 
also necessary to estimte the rod internal pressure. As was mtimed pre- 
viously, the rods w e r e  prepressurized to about 30 atm (roan tenperatwe) to 
prevent cladding creqdm. In addition, the fission gas produced durinq 
steady-state operation (that gas not t r a m  within the fuel grains) also 
contributes to the rod pressurization. 
rake tk effective i n i t i a l  rod pressure (at  roam temperature) to about 42 
atmspheres . 

TRAC calcu- 

Tb calculate the cladding hoop stress, it was 

B&W estimates’’ of this con t rh t ion  

Knowing the i n i t i a l  internal pressure, the pressure during the transient 
can be estimated f r a n  

Pi - - Pio <Tgas’ 

where 

= ram temperature pressure of gas in rod and ’io 
<T > = average tenperatwe of gas in  r d  ( K ) .  gas 

For simplicity, the axially averaged cladding temperature <Tclad> is used as  
the average gas terprature (since this is readily available f r a n  the TRAC 
results). 

It should be noted that Eq. (16) does mt account for potential changes 
i n  the ammt of v o l m  available to accamzdate fission gas (due to the 
l w l y  large cladding strains discussed in the previous d o n ,  for example) 
Because of the possible error associated with ignoring this effect, as w e l l  
as  the uncertainty in the in i t i a l  (rocm t q a t u r e )  pressure in the rod, w e  
analyzed rod failure for a range of initial rod pressures (25-42 atmspheres). 

of predicting failure. 
A first item of concern is the relative agreement betwen the h-o rrethds 

~n mst cases, the calculated aqrea-ent is excellent 
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( w i t h i n  2 minutes) M y  for law i n i t i a l  md pressure is it possible to see 
a discre-pncy of as  mch as  10 minutes. This occurred wkn failure was cd-  
d a t e d  to occur near the dip in tk cladding t w a t u r e  (a t  about 9700 s). 
In this case, the l i f e  fraction failure prediction gave the earlier predic- 
t ion i n  allcases. This is reasonable because a l i f e  frzction criterion is 
capable of calculating incrmtal "damage" during the period of tire frm. 
about 9600 s to about 10000 s, whereas the ultimte kq s&tress criterion 
m l d  not predict failure to occur within that w e ,  
we w i l l  use the life fraction rule failure prediction as the best e s m t e .  

Cladding failure was calculated for average rod KO. 1 for initid rod 
pressures ranging from 25-42 atmospheres. These results are shclkn in T a l e  
VII. For a wide range of i n i t i a l  pressures (30-42 atmxpheres), cladding 
failure is calculated to have occurred over a narrow 8-minute period of t h  
lasting fran 2 hours and 25 minutes to 2 hours and 33 minutes. Q ~ l y  a t  the 
lmst i n i t i a l  pressure of 25 atmospheres does the cladding Survive through 
the ent i re  dip in cladding temperature (at a b u t  9700 s) and f a i l  a t  the la ter  

of 2 hours ard 50 minutes. 
in t-he top axial fuel rod node (in the top 0.5 m of the core). 

W general insensitivity i n  c l a d h g  failure tim with changes in 
in i t i a l  rod pressure is an indicati.on of haw rapidly the cladding t q a t u r e  
is increasing a t  that  t k  (about 0.5 K/s or mre). 
texperature a t  25 amspheres (initial pressure) vs 42 atxospheres ( ini t ia l  . 
pressure) varies by a few hundred degrees, it is only a mat te r  of minutes be- 
fore the cladding temperature increases fm the l- failure tapera twe 
(high pressure) to the higher failure temperature ( low pressure) , 

A similar analysis was p e r f o d  for the hot rod, 
Figs. 37 and 39 shcrws the general similarity between the tenperzture traces 
for the b t  and average rods. 
culated for tk average rod w i t h  -what earlier failure tires. 
of the analysis for the bt rod are shown in Table VIII. 
t h i s  table, the failure t i m s  for the hot rod are &ut 2-6 minutes earlier 
than the failure tirrt3.s for the average rod. 

Based on these results, 

In all cases, failure is calculated to occur 

Thus, since the failure 

A ampirison of 

Thus, we expct similar behavior to  that cal- 
The results 

As can be seen frc4n 

Thus, there is little variation 
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and other quantities are as previously defined. The total weight 2 gain, 
plotted vs tinr! in Fig. 46, reaches a machum of a b u t  0.23 kg/m a t  a b u t  
11050 s (3:04:10). 

per unit length of fuel rod is calculated to  be 7.9 g/m. 'ifiis is the mass 
of oxygen per unit  length of fuel rcd tht has reacted w i t h  the cladding. 
Assuming that all of this oxygen was prcdwed by dissociation of water ard 
based on the mlecular weights of hydrogen and oxygen, the mss of hydrcgen 
released is oneeighth 

per unit length of fuel  rod 

S i n c e  the outside diameter of the cladding is 10.92 mn, the weight gain 

mss of owgen reacted, a b u t  1.0 g/m. 
The perfect gas l a w  is used to detennine the volm of hydrogen release3 

where 3 
v = velum of hydrogen per unit length of fuel rod (m /m), 
m = mss of hydrogen per unit  length of fuel rod (kg/m) 
R = universal gas constant, 8.31 (J/mle*K) , 
T = plenum temperature (K) , 
M = mlecular weight of hydrogen (kdmle)  I and 
P = plenum pressure (Pa). 

Values far plenum temperature and pressure of 1500 K ;ind 8.5 MPa, respectively, 
are estimated fm "€?IC code results. 

(1.0 x (8.31) (1500) 
V =  6 

(2 (8.5 10 

-4 3 = 7.3 x 10 m /in 

= 0.73 R/m. 
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Thus, approximately 0.73 liters of hydmgen are generated per meter of 
oxid ized fuel rod. From TRAC results, the total amxlllt of hydwen generated 
can be determined by assuming a 1 m length of cladding d a c e  has oxidizd 
on each of the 36, 816 fuel d s ,  The resultant m l m  of h-en produced 
is 27 m 3 (37 kg) , a fllbstantial quantity of hydrogen. 

This calculation may be incorrect capred to the actual cordition of 
the reactor. 
TRAC code cdcubtions:- ~n fact ,  in-core thernrxxuple readings 4-5 hours 
after the start of the accident2’ indicate s m ~  large variations lin tempera- 
ture fm subassably t o  subassanbly. In addition, the length and thickness 
of cladding oxidized an each fuel rod can be expected to vary considerably 
across the axe,  In  l ight of these considerations, the calculated oxidation 
and hydrogen generation are thought to k an meresthate of the actual oxida- 
tion and hydrogen generation i n  the early states (before 3 hours) of the R4I 

accident. 
For cladding temperatures above 1273 K, the TRAC code d c u l a t e s  the 

oxide penetration depth and the heat generation frun the exothermic =tal- 
wate.r reaction. 
rate l a w  developed froin isotherm1 experMts.22 The TRAC code does not in- 
clude the effect of the change in cladding properties due to oxidation, nor 
does it include the effect of the reduced cross-sectional coolant flow area 

due t o  the 50% mlum expmsion of Zircaloy upn oxidation. 

detail shm that almost all cladding oxidation occurs near, or above, the 
core midplane. 
in the lover portion of the core during mch of the first 3 hours. Figure 41 
shews void fraction for mrious core levels. 
law void fraction indicating the presence of water in the laer region of the 
core. 
plane region because terrperatures are lacer due to a smaller heat rate near 
the top of the core. 

Not all of the full rods w e r e  a t  the temperatures indicated fran 

Haever, hydrogen generation probably continued after 3 hours. 

Oxidation penetration depth is calculated from an empirical 

?fie TRAc calculations include five a x i d  levels in the core. This greater 

The lover p r t i o n  of the axe is coded by water which remains 

The 1mer level has a consistently 

W upper Ipr t ion of the core is probably not as oxidized as  the mid- 

- I  
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By determining the volm of oxygen reacted frun the o w e n  penetration 
depths calculated by the TRAC code, it is pssible to quantify the m u n t  of 
hydrogen produced by the metal-water reaction. ?he resultant mss of hydrogen 
calculated w i t h  this mkbd is 39 kg, T k  two rrethods of determining hydrogen 
generation are close enough to  give confidence in the results. 
very good because the axially varying munt of oxidation calculated by the 
TRAc code can ke approximated by considering oxidation of a 1 ITI sectio3 of 
the core's cladding. 

A g r m t  is 

4.4 Cladding Mhanical Respnse During Subsequent CCOlduwn 

During the first 3 hours of the DlI accident, the cladding of the fuel 
rods experienced increasingly higher temperatures! shortly after 3 hours, 
relatively cold water was added to the reactor core due to r e m  high-pres- 
sure injection (HPI). 
in t k s e  circmstances. 
the cladding could have failed and perhaps fra-ted due to  thermal shock. 

failed a t  a p p r o h t e l y  9000 s (2:30:00). This failure was due to  pressure 
difference bebeen the h e r  and outer walls of the cladding a t  the elevated 
tmperatures. 
gradient in the cladding, can be w e d  t o  produce a perforation in the 
cladding. This perforation permits venting of fission gas t o  the coolant 
channel, thus eliminating any pressure difference be- the inside and out- 
side of the cladding. Therefore, pressure effects cannot enhance further 
failure due to  thermal shock. 

The mechanical reaction of the cladding can be severe 
In pr t icu lar ,  it is important to detsennine whether 

The l i f e  fraction calculations discussed above shcrwed that the cladding 

This duct i le  type of failure, not caused by the tempratwe 

To determine the p s s i b i l i t y  of cladding failure due t o  -1 shock, 
SUE estimation of the spatial m a t u r e  variation i n  the cl&ing w i t h  
 tin^ during reflood is essential. 
t kn ra l  stresses muld not  be induced. 
ature in t3-e cladding, any z i r c 0 n i m  dioxide layer is ignored and the in i t ia l  
tempratwe of the cladding is assumed uniform. 

Without a therrnal qradient in  the clsdding, 
To simplify the analysis of t-- 

! 
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A t  the tim of reflood, the outer surface is as@ to be suddenly 
cooled by the mld water being punped into the core. 
thickness-to-dimter ratio is small, less than 7%, the curvature effects 
can be neglected and t k  cladding can be d e l e d  as a slab. 
W a t e l y  before reflood, t b  cladding and coolant tgnperatures are approx- 
imately equal, and given by To. A t  the t h e  of reflood w assm that  the 
coolant temperature instantaneously changes to  scrne lmer tgnperature, Tm. 

An asroxbmte technique using Kantorovich profiles23 can be used to  
determine the temperature distribution With time. 
face tenprature W i l l  decrease w h i l e  the inner surface tanperature ra ins  
constant. 
the inner surface just begins to  change, approximites the largest ape&& 
differential  tgnperature change, AT, to be used in the determination of 
tkml stress. 
shown to  be given by the expression 

Because f 3 ~  cladding 

We a s m  that  

Init ially,  the outer sur- 

The tempratwe change a t  the outer  surface of the cldding when 

With the a p p r o h t e  technique outlined above, AT can be 

where B i ,  the Biot numker, is given by 

h is the heat transfer coefficient, t is the cladding 
thermal conductivity of the cladding. 
ra t io  of convective heat transfer to  conductive heat transfer. 
Biot n u r k r  beccrres, the larger AT beccrrres. 

zkness, and k is the 
The d h s i o n l e s s  B i o t  nmbx  is a 

The larger 

To e s t h t e  the largest reasonable AT, the larger values of (To - T,) 
From T’RAC code results an acceptable l aqe  value of and B i  should be used. 

h is lo4  w/m2-K. 
mrductivity of Z i r c ~ d o y ~ ~  is about 25 w/m°K. 

The thickness of “41 cladding is 0.675 m. The thermal 
k o m  E ~ J .  (21) ,  B i  = 0.27. 

A t  amrachately 3 hours into the accident, the cladding temperature is 
The, largest possible change i n  coolant t-rature, (To - Tm) , abmt 1650 K. 
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a t  reflood is approximtely 1000 K. W i t h  these values the largest AT to 
expect, fran Eq. (20) , is about 120 K. 
tk subsapent stress calculations. This value represents the largest p s -  

sible differential tenqeratwe change in  the cladding. 
me maximum stress in the cladding will be the tensile hoop stress a t  

t k  outer surface given by the expression 

me value of AT = 120 K is us& i n  

25 

EaAT u = f - m  

where u is stress, E is Young's d u l u s ,  a is the linear coefficient of 
t h e d  expansion, v is Poisson's ratio, ard f is a factor to  take into 
account inelastic, or plastic, deformation. 
3 x 10" 

material which behaves plastically. 

Young's n-dulus is approximately 

K-1,27 ard Poisson's ratio is approximately 0.5, the mrrect mlue for a 
the linear coefficient of thermal expansim is wt 4 x 

28 The factor f can be sham to be given by the expression 

f 3 E 80 -1 -1 = (14-2 I I 

(l-V2) 

where E 

Strains 
is strain. F m  the MATPRO expression for the yield surface,29 for 
between 1 and 50% with a strain rate of s-l, au/2~ is between 

1 and 50 MPa. 
the calculation yield f = 3 x 

The mdr t tm  stress is calculated to  be 7.2 &Pa, This value of stress 
is far belm the stress a t  wfiich failure due to thermal s h k  can OCCUT ac- 
cording to  M A T P ~ 1 1  data for unmidized Zircaloy. H a e v e r ,  oxidation en- 
brit t led cladding m y  fail. due to them1 shock. E X p e r h t s  by Kassr-err et  
al.,30 shcrwed that for isothermal oxidation a t  1300 X, 1.200 K, 1500 K, and 
LGOO K for 10000 s ,  2000 s, 700 s, and 300 s, respectively, € 0 1 1 ~  by a 
quench fm 840 K to 410 K, cladding failed. Temperature results fm the 
TRAC d e  calculation indiated that th is  oxidation criterion is met. If 
reflooding of the oxidized u p r  section of LAe core occurred rapidly, then 
thermal shock failure m y  have cccurrd. 

An average value of 10 MPa is used t o  evaluate f .  Results of 

If thml shwk failure did CCCUT, 
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The range of failure t i m s  indicated represents both the estimated vari- 
ation i n  failure t im with radial location in the core as w e l l  as  the uncer- 
t a h t y  in failure t i m e  due to uncertam ' ty i n  internal r d  pressure. 
tiom W c a t e d  that failure times were relatively insensitive to the r d  
pressure. 
prature.  
the TRAC averacje and hot rods is d l ,  on the order of 10 minutes. 
it appears likely that most of the rods in the core failed around 2 hours 
and 30 minutes into the accident. 

Calcula- 

Father the dominant controlling factor was the high cladding tm- 
In addition, the difference in calculated failure times &tween 

Thus, 

Subsequent to the initial claddina failures and radioactivity release, 
the major phenanmon the fuel rcd undergoes is cladding oxidation. This 
axidation of the Zircaloy leads to  three imprtant consequences: swelling 
of the oxidized cladding hYer release of hydrogen gas during the oxidation 
process, and e m b r i t t l m t  of the cladding due to  oxidation. 

The calculations done to predict oxide layer f o m t i o n  indicate that up 
to about 3 hours into the accident, the mxhum oxide layer thickness for the 
average rod is about 113 cladding thickness. Thus, the e f f d i v e  increase 
in cladding diameter  due to  oxidation t o  this point is only about 76 vn. 
represents a negligible increase ( in i t ia l  cladding diamter is a b u t  11 nm) 
and should not affect the coolability of the fuel pin. 

Oxidation of &ut 75 w of the.cladding thickness does, however, lead 
to significant hydrcgen generation. &cause of the &l difference betwen 
the cool, average, and hot-rod tempratures, cladding oxidation is predicted 
t o  occur radially throughout the cors. 
one-half of the core is affected. 
a u n t  of hydrogen generated a t  3 hours is a b u t  40 kg, 
presswe conditions calculated (by TRIYJ) to  exist in the core a t  bet%en 2 to 
3 hours into the accident, this munt of gas would cccupy a volm of about 
27 m , Further hydrcgen release should have occurred af ter  3 hours. 

One other consequence of cladding oxidation is cladding a n b r i t t l m t .  
This p h e n m o n  is h p r t a n t  relative to  the possible fracture and fragn-mta- 
t im of the cladding during the first r e f l d .  

This 

p ~ i a l l y ,  about the u p e r  me-third to 
Using these assmptions, the calculated 

At the t e i i ra ture /  

3 

h i l e  the "RAC calculation 
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tenxinates ell short of the (at least partial) reflood that  occurs a t  about 
3 hrxlrs and 20 minutes, estimates have been mde of the th=mal. stress in- 
duced in the cladding during reflocd and the likelihood of fracture a t  that  
tim. These calculations indicate that the ductile unoxidized Zkrcdoy as 
well as the lightly oxidized cladding w i l l  survive the quenching process. 
Chly the cladding that  has seen prolonged periods of high teqeratures (greater 
than about 1600 K) is likely to fail under t k s e  conditions. 
occurred rapidly, it is possible that  up to about one-third of the axial ex- 
tent of the core nay have undergme cladding fragntzntatim. 
remstkered, fmever, that since detailed TRAC calculations wxe not done for 
this stage of the accident, these estimates of cladding fragirentation axe 
speculative. 

Thus, i f  r e f l d  

It should be 
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W is an advanced best-estimate ocnputer progran for the safety analysis 
of light-water reactors. W - P l A  provides this analysis capability for 
pressurized water reactors. 
nonequ ilibr ium, an3 mul tidimensioM1 hydrdynanics with f l w r  eg iedepndent 
mstitutive relations; quench front tracking capability for both bottan flood 
ard falling films; consistent treatment of entire accident sequencgs including 
generaticn of initial steady-state oonditions; and d u l a r  design which allms 
representation of a wide variety of experimental configurations ranging fran 
single crcrrrpanents to multilcrop systems. =-PIA has been tested against an 
initial set of separate- and integral-effects experiments. Ruther assesmnt 
of the d e  through pretest and posttest’predictions of other exprhnts is 
in progress. Overall results of these testing and asses,mnt activities are 
enmurag ing . 

~ t s  advanced features intiluck nonhcmr>geneous, 

Work performed under the auspices of the U.S. Nuclear Regulatory Carmission. 
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The ~~ Scientific Laboratory ( E L )  is develqing, testing, and 
epplying theoretical ard nunericdl methcds for analysis of Iross+f-Coolant 
m i d e n t s  (JJX&) and other transients i n  Light Water Reactors (Ih2.s) thro~gh 
funding provided ty t h e  Division of Reactor Safety Research, Unite3 States 

Nuclear Regulatory ccsmission. 
nunerical calculatim of wpt rase  flw processes i n  me, mt and three 
dimensions and results of calculations are being carpared w i t h  exprimP-ntal 
data. Basic research is a l s  being aonducted to assess qJestims of accuracy, 
sensitivity, and alternative s o l u t i o n  p r d u r e s .  ‘Ihe entire effort is 
focused on achieving a better understanding of -phase flows and on the 
prcductim of an advanced multidimensional m u t e r  program for the analysis 
of postulated ard anticipated transients i n  rwizs. This a q u t e r  prograv is 
called the Transient Reactor Analysis code (w). 

Primary goals of the W project are to provide a tested analysis 
capability for Ml system transients, evaluate margins of m r v a t i s n  i n  
licensing codes, provide detailed analyses of key problem areas such a s  mult i -  
dimensicnal and system effects, ard provide design and analysis assistance for 
new largescale reactor safety experiments. Therefore the W project 
includes mt cnly methods, d e l s ,  and d e  develqmnt, but a l a  &e 
assessnent ard applicaticn activities. Close axperation an3 liaison are 
maintained with other tAsL projects involving basic theml-hydraulic 
research, axrponent code develcqnont, and LwR safety experiments i n  s-rt of 
m3el developent activities. 

-roved mthods are beiry &vel@ for the 

me plrpose of this article is to: 
1. 
2. 
3. 

review the current capabilities and features of “XX, 
present an overview of the current code assesmnt status, and 
sumnarize TRAC developnent and assessment mrk XXYJ i n  prqress or 
planned for the near future. 

1 The f i r s t  &zumented version of TRAC, called ?wIc-~l, was -let& i n  

MDdels i n  ‘JBAC-Pl are directed toward 
hcenber 1977 an3 w a s  made available to various organizations f u l l w i n g  a W 
Workshop held a t  YrSL i n  March 1978. 
Pressilrized Water Reactors (WXs) ard the analysis of UXAs kt other t y p s  of 
problem a n  be analyzed. 
through t he  N a t i d  Energy Software Center i n  March 1979. 

- 
An improved version, called ‘iWC-PU, was releas4 

Included w i t h  t he  
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2 release was a user's manual which provides detailed descriptions of the 
thermal-hydraulic models, n u n e r i d  s o l u t i c n  methods, programing features, 
and user informatian. A report ax'kaining detailed results of i n i t i a l  
asscsment calculations performed w i t h  =-PIA w i l l  be released shortly. 
TMC-PlA is twice as fast  as the f i r s t  version and includes hprovsments i n  
the soluticn methods, constitutive relations, graphics CapaSility, and d e  
strmture. A l l  d e  features described i n  Section 11 are b a d  on "RAC-PLA. 

TRlus has been tested against an i n i t i a l  set of experiments involving 
separate and integral. effects. 
t h r o w  pretest a d  posttest p r e d i c t i m  of other experiments. Overall 
results of these code testing and assessment activities are s m r i z e d  i n  Sec. 

111. Work is i n  progress cn irrproving the PWR versim of TRAC, developnent of 
a fast running version, and extension of the d e  to other accident types. 
2his work is described i n  Sec. IV. 

3 

Further assessment of TRAC is i n  progress 

A. General 

TRAC can be characterized as an advanced, best-estimate WR systems 
oanpter program. Within limitatias med by anpxlter running time, it 
incorporates stat-f-the-art methods and mdels. The d e l s  i n  TRFI: are 
designed to yield real is t ic  soluticns a s  -sed to conservative evaluation 
mdels used i n  l icensing d e s .  TRF13 mainly differs fran other existing ulm 
system d e s  (e.g. R E ~ A P ~  d e 4 )  i n  i t s ' m r e  detailed geanetrical d e l s  of 
systan -nene an3 its more basic treatment of *phase thermal 
hydraulics. 
in detail i n  Refs. 2 and 4 9 .  

These features are reviewed i n  subsequent sections and described 

User-selected opticns are minimized i n  the basic f l u i d  dynamics and 
heat transfer modeling. 
hg q?tims, places great c3emnds cn the basic thermal-hydraulic *ling 
because the code must determine local flm tqmlcqy and s-ly appropriate - 
oonstitutive relatias.  
dependent constitutive relaticns is v i t a l  to the TRPC effort. 

This g@roach, as o-ed to that which a l l -  d e l -  

Thus, the develcpnent of accurate flcw-reg* 
The ult imte 



0 

0 

0 

0 

0 

0 

103 

goal of the mn program is tn produce c m p t e r  programs that have a 
demmstrated capability to adequately predict the results of a broad range of 
experiments w i t h  rn tuning of basic physicdl d e l s  f r m  m e  test to amtho:. 

ghemem that are inportant i n  LocA analysis can be treated. Included m n g  
these phennena are: 

&cause of the advanced features i n  m, rrost of the physical 

o emergency a x e  cmlant (E) docTncomer penetration and b p s s  
irrclding the effects of m t e r c u r r e n t  steaq flm and b t  w a l l s ,  
Iwer pleiim r e f i l l ,  weeput ,  and phase separation effects, 
bot- flood ard falling fi lm r e f l d  que& fronts, 
multidimslsicnal flov patterns i n  the downamel:, axe,  and plenrn 
regictls, 
p l  formation and a m t e r m r e n t  flow-limited falltack at  the W E  

core s-rt plate (ESP) , 
steam binding effects &ring reflood, and 
direct  injectim of subcooled ECC water a t  any location i n  the systm 
w i t b u t  the requirement for a r t i f ic ia l  mixing m e s .  
The code can be used to obtain steady-state s o l u t i o n s  to provide 

self-ansistent i n i t i a l  cwrditims for suSsequent transient calculations. 
a steady-state and transient d d a t i c n  can be performed i n  the same run 

i f  desired. Efficient s o l u t i c n  strategies ranging frcm semi-*licit to fully 
@licit are used. 

entire KCA (blmdwn, bypass, r e f i l l ,  and reflood) i n  one a m t i n i s  and 
oonsistent calculatim. This eliminates the necessity of interfacing and 
oanbining calculaticns performed w i t h  different c d e s  for each mjor accident 
phase. Trips can be specified to simulate protective system actions or cper- 
a t i m l  procedures (e.g. cpening or closing of a valve). 

libility, is available to help analyze and digest the large anolmt of outpt 

.hformaticn generated during a ?ppL: run. A dcmp/restart feature a l lms the 
user to restart a calculation fran any p i n t  i n  a transient. 
very useful i n  performing parametric studies and i n  minimizing loss-of am- 
plter time due to hardware failure or i n p u t  errors: 

An important characteristic of ?uIc is the ability to address tho 

A sophisticated graphics package, including mvie generation ca-p- 

Sis feature is 
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typical arraiiement of ocmpanents and mesh cells for one loop of a PWX is 
shckln i n  Fig. 1. 

 he vessel d u l e  is u ~ e d  to d e l  a~ regions insi* the pressure 
vessel incldix~ the dwnxsner (darkened regicn i n  Fig. l)# l w e r  plenm, 
axe,  plenum, and upper bead. It is i n  these regions of the reactor 
s y s m  that significant mult idimensia-d effects are likely to axur  daring a 
IDCA and other pcstulated accidents.  Exarrples are txALvmsioral and 
awntercurrent steav/water f lm patterns i n  the dmxmer daring the b ladsm 
and r e f i l l  perids and preferential rewetting of the cooler fuel rods i n  the 
core axing r e f l d .  

A simplified but typical threedimensional grid that might be use5 to 
model a EWR vessel is sham i n  Fig. 2. The user has the q & i l i t y  i n  ‘IRF;: of 
restricting flw across the msh ell boundaries. A total flow restriction is 
used to fonn the dckncxmer boundaries and a partial  flw restrictim can be 
used to account for structural mter ia l  that does mt onpletely cbstruct the 
f l u i d  flow. In addition to area restrictions, the user can specify redxed 
mesh cell volumes to acccKvlt for structural material wi th in  the cell. 

one-ilimensional axqonents are coupled to any rnesh cell i n  the vessel 
(including interior cells as sbwn i n  Fig. 2) through source terms i n  tLle 
hydrdynamic equatims. mis feature is required to mdel the outlet mzzles 
that penetrate the dckJnmr and it also permits lRFc to handle upper head 
injection. 

D. N o m  eneous, Nonequilibriun Hydrdjnmics 

W p h a s e  flow i n  the various TRpL: axrpxents  is treated using mn- 
€rxnx~eneous, mnequilibriumnrdels. 
rot assuned to be equal a d  fur themre  liquid and vapr tenperatures are i n  
general unequal with  neither phase assumed to be a t  saturation condi t ions .  

A *fluid s ix-equat i i  mdel is used to describe the liqilid-vayr 
flw field wi th in  the reactor vessel. 

That is, l iqu id  and vapr  velocities are 

These equations are bas& on 
Canservaticn of mss, mentum, and energy for the seprate  l iqq id  aqd vapr  
fields. Swlmting these f ie ld  eqyations axe so-called m t i t u t i v e  - 
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Each fluid mesh ell in the are region can cmtain an arbitrary 
rmber of fuel rods. EIwever, heat transfer klculatims are only performe3 
on one average rod and m e  bt rod in each are mesh cell as S M  in Fig. 2. 
qbe zverzPge rod represents the average of .the ensable of rods in the mesh 
cell and its thermdl ca1culatic-n muples directly to ths fluid dyrmics. 
spatial p e r  peaking f x t o r  and local fluid conditions in t??e mesh c&l are 
use3 in the b t  rod calculation but this calculation does m t  feed bac4 to the 
hydrodynamics. The total core p e r  level is determined fran eithez a table 
l o o k u p  or fran the solution of the pint-reactor kinetics equations including 
decay heat (6 delayed neiutrm groups and 11 decay heat grmps). The spatial 
power distribution is qxcified by separate radial and axial pcwer sha-es in 
t h  are plus a radidL distributicn in the fuel rod. 

%e TWC library of heat transfer correlations includes data for the 
follwirg heat transfer regimes: 
single-phase liquid or vapor and to a tm-phase mixture; nucleate boiling and 
forced ccnvectim vaporization; pool boiling and high flw critical heat flu 
(CHF); transiticn boiling; minhun stable film boiling; fih boiling including 
subcooling an3 radiation effects; an3 horizontal, vertical, and turbulent film 
mldensaticn. 

A 

laminar and turbdent forced convection to a 

F. Solution Strategies 

The system of field and constitutive equations in TRAC is solve3 by 
standard spatial finitedifferem techriques. 
differencing technique is mrmally used in rrost axqments. This techniq.de is 
subject to the Courant stability limitatim which restricts the time ste;? size 
in regicns of high-speed flow. A ful ly  implicit time differencing option is 
available for the fluid dynamics in m t  of the me-dimensional arrrpone7ts. 
This cption allms fine spatial resolution in regions of high velocity (e.g. 
i n  a mzzle) without restricting the time step size. 

A smi-iplicit time 

Iterative methods are used to solve the time-depmdent, Winear, 
finite-difference equations in ~RAC. 
Gvlaticn mists of several passes through all the  ampmeits in - the system. 

~ a c h  time step in the traftsient cal- 

http://techniq.de
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-se passes, whose prpase is e0 -verge to the solution of the nonlinear 
finite-difference equatiars, are called outer iterations. 
iteration process fails to -verge, the integration time step size is reduced 
ryld the time step is repeated. 

Unearizatim of the finitdifferaxe equations for each one-dime,crsional 
canpnent. This results in a block tridiagonal systm in *ich linear 
variations in pressure ard other independent variables (vapor fraction, liq~id 
tenperatwe, and wpor temperature) are solved in terms of variations in the 
junction velocities for t ha t  cmponent. 
calculatiar, these linearized equations =e d i n e d  with the linearized 
jwticn mmentun equations to cbta in  a clase3 linear system for the jmtio;? 
velocity Mtiatims. This system is solved by direct methods and a 
back-substituticn is made to update the raining independent variables. 
%refore there is ~ r = ,  inner iteratim process involved for medimensional 
caprents. 

dimensional osrrCpnent jurrcticn velocities are solved in tern of the pressure 
variaticns at the vessel junctions. mese equations axe d i n e d  with the 
remaining linearized equatiars in the vessel to provide a closed set of linear 
eqntims. Because the matrix is usually too large for direct inversion, this 
set of linear equations is solved by Gauss-Seidel iteration. men this vessel 
inner iteration process has -verged, back substitution through the 
one-dimensional ampmen& again cmpletes the solution of the f u l l  linear 
system. 

A single pass through the abcrve procedure provides the mlution for 
the linearized finite-difference equaticns. 
procedure for the same time step result in a Newton-Raphson iteration scher;rs 
with quadratic ccnvergem cn the rmlinear difference equations. 

bf the total mesh cells in the problem and the maxhm allcwable time step 
size. 
run t h e  of 2 to 3 rn per mesh cell per time step and an averagi t h  step 
size of 5 ITS. 

If the outer 

. 

The mlutim procedure during an outer iteration begins with a 

If there are rn vessels in the 

when m e  or mre vessels are present, the variations in the one- 

Subsequent passes through the 

Ckmpter running time is highly problem dependent. It is a function 

Tbe total run t ime for a given transient can be estimated fran a unit 
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The TRIy3 steady-state capability is designed to provide time- 
in3ependent so lu t ions  which may be of interest i n  their c m  r igh t  or as 
i n i t i a l  d i t i o n s  for transient calculations. l'ko d i s t imt  cdlculatiars are 
mailable wi th in  the steady-state capability: (1) a Generalized Steady-Sste 
calculation ard (2) a 
find s t e a a p s b t e  conditicns for a system of arbitrary configuration. The 
second is aElicable cnly for anfiguraticns typical of current Am systms 
and is u s d  to adjust certain lasp paraineters to match a set of user-specifieci 
flact axditim. 

Ini t ia l izat im cdlculation. I h e  first  is used to 

Both calculatiotls u t i l i z e  the transient fluid dyna;nics and beat 
transfer routines to search for steady-state conditions. The search is 
terminated when the mrmalized rates of change of f lu id  and thermdl variables 
are reduced bel= a user-specified c r i te r im throughoat the system For a 
given problem, ocrrputer running times for steady-state calculations are 
generally mud7  mller than those for transient calculations. 

s ta te  calculatiars, there are important differences between the tw cal- 
culatims. Time step sizes used by the heat transfer and fluid flow 
calculations are mt required to be equal during a steady-state calculation. 
The rat io  of these time step sizes is user-spcified and permits anpensation 
for the differene i n  natural time scales of the tLx, processes. Occurrence of 
aiF is inhibited during the steady-state calculation and results i n  a heat 
transfer coefficient which canmt undergo a rapid reduction due to bxnoilt. 
Pressurizers are autaMtidJ.y d e l e d  as pressure M a r y  mnditions during 
steady-state calculatictls so that each pressurizer's energy and mss in- 
ventory, as well as pressure, renain constant regardless of the flm rate 
between it and the remainder of the system. 
steady-state calculations. 
at  the beginning of the steady-state calculatia? and is increased to its 
d m l  value once the f l u i d  velocity has approached its equilibrium value. 

Although the swre subroutines are used i n  the transient and steady- 

Trips are inhibited during 
Finally, reactor pclwer is set to zero for a period 

-. 
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The general procedure far TRpI3 assessment and testing is out l ined  i n  
Pig. 3. Note that stages of cu3e checkout  are involved. Develqmntal 
axle assessrent is the f i r s t  s t age  and involves primarily posttest analyses of 
a wide variety of thermal-hydraulic experiments. The primary objective of 
this activity, hi& is c l s e l y  axp led  to the code develcpsit activity, is 
to define the l imits  of validity of the methods, d e l s ,  and mrrelations i n  
the developnental version of ?RAc by canparing calculated results w i t h  experi- 
mental  measurements. Other objectives inClu& determination of code sensi- 
t ivi ty  tm i n p t  data, d e l  assurpticns, and s o l u t i o n  techqiques; reccmnen- 
datim of standard calculational procedures for various classes of problem; 
and identificaticn of d e  and d e l  inproverents or additional experiments 
needed for assessment of the advanced models i n  'EW. 

When a particular code version substantially meets its performance 
objectives, the code is released for external use and the s W  checkout 
stage begins. This is the independent assessment stage that involves pretest 
an3 posttest predicticns of tests i n  designated facil i t ies using the puSlicly 
released and dxumented version of 'IRAC. Ihe primary objective of this 
activity is to determine the predictive a p a b i l i t y  of "WC when applied to new 
tests involving different sales and experimental configurations. 
Discrepancies between calculaticn a d  experiment are resolved by performing 
additimal p s t t e s t  analyses as required. 
developnent and recarmendations for future experiments are also prwided by 
this activity. 
satisfactory, the code can then be aFplied with a x f i d e n c e  to full-scdle IPR 
transients. 

Pretest predictia-s are performed before the test  and are referred to as  
"double blind" predictions because the analyst does not have access to  either 
the actual i n i t i a l  cond i t im  or the transient test results. 
i n i t i a l  mnditicns =e used i n  t h e  pretest prediction. 
are performed after the test  and are "single blind" i n  that  the 'Tactual i n i t i a l  
conditicns are specified but the transient results have been inpun& and are 
mt available to the analyst. 
calculations are referred to as posttest analyses. 

, 

Guidance for future d e  

If  t h e  results of the independent assessment process are 

Anticipted 
Posttest predictions 

After the t r a n s i e n t  results are released, 
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A. Develcpnentd. Testinq 

Experimental tests selected for c3evelqnental assessinent of TRPI~-PLA, 
and the more W r t a n t  thermal-hydraulic effects occurring during these tests 
axe given i n  Table 111. Note that the first f ive  analyses use only the 
are-dimerisimal capability in  'IRK! whereas the rmainder involve the 
aultidimensicnal capability as well. Tests selected for develqpental 
assessment include separate effects ( tests involving basically only one 
axlparent)I synergistic effects (several ooupled oomponents but only one LKA 
phase)# nnd integral effects (several carponents and mre  than cne LLX~A 
phase). Detailed mrrparisms between d e  results and experimental 
measurements for the tests i n  Table 111 are reported i n  Ref. 3. Firefore,  
cnly brief sumraries and typical c c n p a r i m  are given belckt for each test. 

the depressurizaticn of a straight horizontaa pipe (0.073 m i.d. x 4.1 m long) 
ini t ia l ly  f i l l ed  with subamled water a t  aFproximately isothermal conditions. 
A glass rupture disk a t  one end of the pipe was broken to init iate the blow- 
Qwn. TRpc best-estimate calculations are in  reasonable a g r m n t  w i t h  
available experimental measurements of fluid pressures and t q r a t u r e s  and 
with the single density rrreasurement. Examples of the typical agrement 
obtained are given i n  Figs. 4 and 5 which sku this pressure and void fraction, 
respectively, at gage station 5 (atxxlt 1.5 m fran the closed end of the 
pipe). Mass  flm rate and pipe wall teqerature measurements were not made. 
In additim there are experimental uncertainties as to the i n i t i a l  tenperature 
distrilxltion, rupture disk dynamics, an3 the  effect of residual disk f r a p n t s  
(about 13% of the pipe area) cn the f low field. 'IIE calculated results are 
sensitive to these uncertainties a d  also to the wall friction factor 
axrelatian used. The 
the transient calculation requires 24 s of C e n t r a l  Processor U n i t  ((XI) time 
an the- Qx: 7600. 

subc00~1 water was circulated thraqh a tubular test secticn cmsisting of a 
coiled feeder (0.017 m i.d. x 9.9 m long) , a straight vertical pipe (4.021 m 
i . d .  x 4.15 m I-) d e  walls o x l d  b2 electrically heated, ard a miled 

The Edwards referred to as Standard Problem 1, was 

mdel for this problgn cxxltains 46 f l u i d  cells and 

11 . I n  the C I S  (Centro Infomzmi stdi Esperienze) experiments, - 
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riser (0.026 m i .d.  x 10.0 m I-). %e blawdown was initiated by simulta- 
naazsly closing 
valve a t  the bttan of the feeder SeCtiaL In the reference test ('Pest R) a 
pcxm of UO )bJ was i n p l t  to the heater secticn whereas i n  Test 4 there was TK) 

power input. 
TRpI3 best-estimate czlculations of the CISE tests are i n  g a d  overall 

agreement w i t h  tk measured data including fluid pressure and t e i r a t u r e  a t  
several locations i n  the test  sectian, pipe wall tenperatwe i n  the heater 
section, and ness bldup measurements. Figures 6 and 7 are typical of the 
results obtained for these tests and s b ,  respectively, the f l u i d  pressure 
near the break (P4) ard the  pipe wall tenperature neaf the top of the heater 
section (pIw4)  far the heated test. I n  the heated CISE test ,  the heater wall 
experiences dryout Wing the blcwdmn and the cdlculatim s l igh t ly  
overpredicts the time to W. Because of the large length-to-diameter ratio, 
the calculated results are very sensitive to the wall  friction factor 
correlaticn. Transfer to the fluid of stored energy i n  the pipe wall also has 
a significant effect an the cxnpted results. The -1s for the CISE 
problem amtained 38 f luid cells and the transients required 1 min and 3 min 
CPU time for the unheated and heated cases, respectively. 

w e l l  code mcdels ckvelaped using mall-scale experiments actually aBly  to  
full-scale systems. %ese tests involve the blowdown of a large 
(5.2 m i.d. x 21.5 m high) pressure vessel through a discharge pipe 
(0.75 m i.d. x 6.3 m lmg) which protrudes 0.74 m into the bttcm of the 
vessel. 
the bottan of the discharge pipe. The blowdown is i n i t i a t d  by over- 
pressurizing the gap between two rupture disks  at the h s t r e a i n  e d  of the 
mzzle. 

test sectian isolation valves and opening a discharge 

%he Marviken critical flow tests12 are designed to determine h w  

In Test 4 a mzzle w i t h  a minimum diameter of 0.51 m was attached to 

TRFu3 best-estimate results for Marviken 2kst 4 are i n  very good 
werw agreement w i t h  f h i d  pressure and tenperatwe measurements a t  var ims  
locations and with mss fluxes derived fran differential pressure and Pitot 
tube measurements. Results for the break mass flux and the pressureaear Lle 
vessel top are shown i n  Figs. 8 and 9, respectively. %e use of deionized - 



water in ~ experiment w e n t l y  caused delayed nucleation resulting i n  an 
i n i t i a l  pressure dip and recwery. i n  
TRAC but can easily be imrporated. Wculated results for this proble? are 
sensitive to the i n i t i a l  muniform temperature distribution and to the d i n g  
i n  the pressure vessel. ‘Ihe Bu time required for the transient was 1.6 a i n  
using a model containing 60 f l u i d  cells. 

Tests i n  the Saniscale 1-1/2 I m p  Isothermal Test Facilityl3 
provided the f i r s t  systm-effects hydraulic data fran a rnliltilcq systeri. The 
sonfiguratim for =st loll consisted of a pressure vessel with internais; a? 
i n t a c t  locrp w i t h  a steam generator, pmp, and pressurizer; a b l m b m  lie? 
w i t h  a simulated steam generator, simulated pmp, and tm rtpture ass-lies 
ea& containing nozzles w i t h  80% of the normal break area; and a pressure 
s w r e s s i m  t a n k .  The standard lower plenm (I& = 2.8) and an oversize 
(0.043 m) dcwnccmer gap were used i n  Test 1011. The mime scale between t h i s  
apparatus and a large PCIsil is approximately 1/3000. Prior to the blcrwc3ok?l test 
the systern was brought to an approximately uniform t a p r a t w e  of 575 K a t  a 
system pressure of about 15.7 MPa using energy addition frun the nine 
electrically heated core rods, pressurizer heaters, and intact 1- pzrp. 
Paver to the heater rods was turned off after these amditicns were attained 
arrd the systern was then subjected to a db,&le-erded offset cold-leg break. 

ZWIC analysis of Test l o l l  incloded a stea2y-state calculation to provide 
selfasistent i n i t i a l  cwditions for the blwdcm transient and a transient 
calculaticn u t i l i z i n g  the restart amp f r m  the steady-state calciilatim. 
Calculated steady-state i n i t i a l  amditions for Test l o l l  agree well w i t h  
measurements of the vessel outlet temperature, intact la;z, volunetric flow 
rate, pmp differential pressure, system pressures, etc. Agreement between 
calculated and experimental results for the blckzdown transient was generally 
very good €or all system variables that were ocnpared. These inc luded  mass 
flow rates, system pressures, f l u i d  densities and tmperatures, and 
differential pressures. 
pump discbarge mass flow rate are given i n  Figs. 9 and 10, respectively. Test 
101.1. represents the first developnentdl assessment pr&lm inwiving a large 
variety of canpcnents arranged i n  a multiloop configuratim. 
encouraging that the me-dimensional TRX d e l  is adequate s ince the 

Delayed nucleation is r a t  yet 

The ampar i sa s  for the lower plenun pressure and 

It is 
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experiment was designed to minimize multidimensional effects. W i t h  a TRAC 
model containing 122 f l u i d  cells, the stea$-state and transient calculations 
required 0.5 and 19 min of CPU time, respectively. 

 he Semiscale W-1 Systemll was very similar to the 1-1/2 1- 
anfiguraticn described previously. Hcwever, the -1 vessel contained 39 
electrically heated rods (which could be programed to simulate the surface 
heat flux of a nuclear rod) an3 a 0.OU m W e r  gap. 
oonsisted of a 200% W l e e n d e d  cold-leg break w i t h  a progr& v r  decajr 

curve to simulate decay heat i n  a nuclear core. The tzansieqt w a s  initiatec? 
fran a steady state =re and lccp t a p r a t u r e  distribution a t  a m e r  level of 
1.6 W .  

*st $02-8 

The best-estimate lRAc d e l  of Test $02-8 contains a total of 263 
f lu id  e l l s  inclding 152 cells i n  the three-dimensional vesselrrodol. 
Although multidimensional effects are mt too significant i n  this facil i ty,  
the three-dimensiandl vessel mdule was used because fuel rod heat transfer is 
mt  available i n  the cne-dimensional pipe d u l e .  As was the case for Test 
loll, calculate3 steady-state i n i t i a l  d i t i c r r s  and transient results for 
Test SO2-8 agree well with measurements of system variables. Typical 

transient results are shacln in  Figs. 12-14. Figure 12 shaJs the lwer  plenlm 
pressure and Fig. 13 shckts the mass flw rate fran the pcmp side of the 
break. 
i n  Fig. 14 wi th  the band of teqeratures measured i n  the sane m e .  Although 
the overall agreement i n  cladding tenperature respnse is good, m detailed 
features e r e  mt predicted by 
variaticns i n  the time to CllF and rewetting of sane rods after the i n i t i a l  
drycut. Running times for the steady-state and b1owdo.m calculations were 50 
min and 2 hrs, respectively. 

The primary p r p e  of the 1/15scale Creare downmr  
experiments15 was to stw the effect of countercurrent s t em flow rate, BX 
water subccx>ling, ard dcwncaner wall superheat on the delivery of B3?. water 
fran the ckwncamer to the 1-r phnum. The apparatus misted of a vessel 
w i t h  dcknxxmer, Imer plenum, four cold leg ports, four simulated fpt leg 
penetratims, and a steam inject ion p r t  a t  the top. 
experiments, a steady stem flcw rate is estzblished up t!! dzwrxxw -r and 
water is then injected a t  a m s t a n t  f l c w  rate i n t o  three of the mld leg 

The calculated c la ing  t a p r a t u r e  i n  the high pcrzer zone is onpared 

These include what appear to  be randan 

I n  the quasistatic 

-- -I---- .- - , 7 -- -__I 
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injection Into the lowet  plenun was initiated h e n  the desired ma~irrrmo rod 
tenperatwe was reached during tbe preheating period. The test program 
investigated the effects of initid elad tmperature, flooding rate, pcmzr, 
inlet cmlant  tenpxature, and system pressure on refld heat transfer. 

The single-channel geunetry of these experiments lends itself very 
weU fn the use of the slab vessel cptim in 
me-dimensimal representation was obtained by using d y  m e  cell per axial 
level. ?he base case d e l  axtained 9 axial levels in the axe with eazh of 
these levels axtaining S fine-mesh axial intervals for the reflood heat 
transfer calmlatian. Wucticn in the electrimy heated rod was 
represented with 8 radial nodes. Test oorditions for the three cases 
calculated are given in Table SV and a s m r y  of the calculated and measured 
results is given in Table V. -+LA predicts the nraximum tenperatwe (and 
hence the tezperature rise) quite -33. for a l l  three tests. For the high 
fl-ng rate case (Test 035411, the calculated turnaround time and quench 
time also agree very well w i t h  the data. This is not the case, haever, for 
the low floading rate tests where the oode predicts early turnarolrnd and 
quenching. Underprediction of the carryover rates results in a rapid refill 
of t b  core region aril partially aamnts for early quenching. ZRPI~-PI.A h e s  
m t  mtain an explicit entraimt d e l  but this capability will be 
available when the droplet field is a m  in a future version (see Sec. IV). 
It.lis capability, along with a better definition of a rewetting criterion, 
should significantly inprove the cmde results for low flcdding rates. The 
ratio of CPU time to transient t h e  is about 25 for the FLXHT calculations. 

& a matter of fact, a 

The Kass of Fluid Test Facility (LfJfT)18 is a Scale d e l  of a 
large IWR with volune scaling of about 1:60. 'Pest Ll-4 was the fourth in a 
series of five isothermal blowdown tests in the rxx-nuclear KET program. fie 
system m i s t e d  of a pressure vessel containing upper and lower plena, a 
dmncaner, and a hydraulic are simulator; an intact 1- containing a U-tb 
s t q  generator, 
oontaining a simulated steam generator, simulated pumpI and two quick-niry 

centrifugal p a p s r  and a pressurizer; a bl- loop 
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valves; and a pressure suppression system. Test Ll-4 was a 200% doubleended 
cold leg break starting fran i n i t i a l  isothermal conditions of 552 K and 15.75 
MPa. 9% m i s t e d  of accumulator, high pressure injectim, and lox 
pressure injectim systems. 

'Ikst Ll-4 was mileled w i t h  26 ?wIc carponents containing a total of 
215 fluid cells 72 of hi& were used i n  the threedimensid vessel rrpdsl. 

Calculated i n i t i a l  steady s ta te  amditims were within 2% of the e x p r h n t a l  
values. The b l w M  calculaticn was started fran these i n i t i a l  m d i t i o x  
using the '*/restart feature of w. Calculated transient results are i n  
good overall agreement w i t h  the experimen'd measurements including IMSS flw 
rates, fluid tenpefatures, densities, and pressures throughout the system. 
Sane typical exarrples are sham i n  Figs. 17-19. Figure 17 indicates the 
bgrement obtained for pressures i n  the intact loop a t  the hot leq, cold leg, 
ard pressurizer. The mass flw rate fran the vessel side of the break is 
shown i n  Fig. 18 and the reactor vessel l iqu id  mss is shown i n  Fig. 19. 
Effects resulting frcrn the delayed D32 injecticn appear to be properly r e p +  
sen ted  ty the d e l s  in  ?RAc. Results for %st L1-4 indicate t h a t  "R?C 

provides a g d  representation of integral effects i n  IlsFT during the b1ade.cn 
and refill phases of a u3cA. l't?e oarrrputer CHJ times on the cM= 7600 were 40 s 
for the steady-state calculatim and 40 min for the transient calculation. 

I n  a3diticn to u)FT %st n.4, TRF13 has  been use? to analyze "est 
Ll-5. !I%& test was alm an isothermal blowdckn experiment but w i t h  the 
nuclear core i n  place and i n  a shutdown state. 
results ard experimental measurements is similar to that for Test L1-4. 

earlier versicns of W. The most mteworthy of these were Semiscale kd-1 
integral tests $06-3 (Standard Problem 8) and S-02-6 (Standard 
Problem 6 ) .  Test S-06-3 was a fu l l  200% break LLxlA fran blowdckn through 
reflood while $02-6 was a single-ended mall break experiment. 
models were used i n  these analyses to evaluate the accuracy of fast-running 
& canputaticrrs. Overall results of these *tations were quite m, 
particularly for  the Parge break test, and are reported i n  Refs. 19 - and 20. 
!l%e large-break integral tes t  required 169 min of 8u time for the 250 s 

transient. 
500 s transient. 

The agreement between the code 

Posttest analyses have been performed for other experiments using 

Caarse-mesh 

For tbe snall-break test, 85 min of C€U tim were required for L!e 

http://b1ade.cn
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A TRX-PIA posttest analysis of Semiscdle Mo&3 2kst $07-6 is 
currently in progress. The a - 3  faci l i ty  differs fran -1 in that it has a 
la-ger core (3.66 m vs 1.66 m) , an active rather than a passive broken loq, 
aad an external downcaner pipe instead of the m m l  internal annular 
dcwncaner. Test $07-6 was the f i r s t  integral LG2A test  i n  the Mod-3 Baseline 
s e r i e s  and was a 200% mld leg break with cold leg IK1 injection. S c m  of t!!~ 
future ckvelqrnental assessment aztivit ies for =-PIA w i l l  include p s t t e s t  
analyses of FLEXXT gravity r e f l d  experiments, upper and lmer plenmm 
in jec t icn  tests and cmde=a t im- indW transients i n  Smiscale, Creare and 
BQI E bvpass transients, and blmdcm heat transfer tests i n  the 'ihemzl 
Hydraulic !kst Facility (!lKF) a t  ORKL. 

B. Independent Assessrmt 

Independent assessment of TWC is being performed using tests fran a 
w i d e  variety of thermal-hydraulic faci l i t ies  both i n  the Uni ted  States and 
abroad. The primipal faci l i t ies  for this ac t iv i ty  are given i n  Table VI. 
Note that  these faci l i t ies  span a wide range of scales and types. 

Pretest and pasttest predictions have been performed2' for the 
f i r s t  IL)FT nuclear test L2-2 (Test L2-1 was cancelled) and posttest analyses 
are i n  progress22. Tests i n  the ~2 series23 are loss-of-coolant 
experiments cmdu=ted a t  gradually increasing p e r  levels to determine the 
nuclear a r e  and systems respcnse during all phases of a UXlA. 
this series simulate a 2005 double-ended offset shear i n  the cold leg. 
L2-2 was amducted a t  a SO% pwer level of 25 fix and an intact hot leg 
terrperature of 580 K. The xtual i n i t i a l  conditions for Test L2-2 were quite 
different frcm those estimated before the test. 
significantly affected the overall dyna!nics of the calculation. TRAC posttest 
predictims of Test L2-2 =re i n  gccd agrement w i t h  m t  of the data exce?t 
that early rwetting and subsequent sequence of drycuts and reczets of the rods 
h . the highest pcwer region e r e  mt predicted. A t  other locations the 
calculated cladding resparse was i n  good agr-t w i t h  experiment. An 
exanple is shwn i n  Fig. 20 where the calculated cladding temperature near t h e  
core midheight of the lwer p e r  rcds is ccmpared w i t h  thermxouple readings 

Experiments i n  
Test 

These differemes 
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in the same zme. The calculated peak clad tenperatwe was 840 K campared to 
the measured value of 790 x. Posttest analyses of this test indicate that an 
in~roVea rewet correlatim is required to mre accurately rrodel this 
&ermemn. These analyses also indicate that the r-tting behavior is not 
sensitive to reasonable variations in the fuel rod gap conductance during the 
transient. In addition there is a pcssibility that the fin effect due to the 
external thermcaples could initiate early reuetting of the cla3ding to which 
they are attached. 

A pretest calculation for Test L2-3 is currently in prqress. Tilis 
test is skilar to ~ 2 - 2  but will be conducted at 37 W. Pretest and posttest 
predictions and pttest analyses will be performed for all future tests in 
the UXT facility. Aposttest predicticm for a s ~ l l  break test (S-07-10B) in 
the Semiscale Mod-3 facility is also in progress. This test is being treat& 
as a standard problem ky the NRC. 

for a "WC predicticn of a "new" test facility. 
approximately 1/700 voluoe scale d e l  of a 4-1- WR. It m i s t s  of a 5.3 
W electrically heated rod bundle within a pressure vessel and t\.x, active 
axlant loops. The facility will be used to study the blocrdown and 
bypass/refill phases of a XCA. Design information for the I13BI facility has 
been received and a TFW predicticn of the first experiment is in prugressr 

Separate Effects And System Effects Tests) experiments at Westinghouse (W) are 
a continuatim of the original %X F" and EU3ZHT-m prqrams. They are 
designed to study fuel rod heat transfer and *phase flw effects during the 
reflood phase of a I E A .  As *lied by the title, both separate effects and 
system effects tests will be axducted in this facility. The separate effects 
tests will be performed first and will focus m rod bundle heat transfer and 

The U B I  facility at fspra, Italy will offer the first apportunity 
is a full-height and 

The FLEx3IT-sEAsET (Full-Length Emergency Cooling Heat Transfer- 

thermal-hydraulic behavior. The systgn effects tests will be performed in a 
c l s d  loop hi& includes simulation of the h - r ,  are, q p r  plenwn, 
and steam generator. ztro forced flooding separate effects tests are the first 
niprz predictions that w i u  be performed for the SEASET facility. ?It is 
anticipated that these tests, which have been designated as standard problem, 
w i l l  be perfmed by June 1979. 
effects and system effects tests will be performed as appropriate. 

!IWE predictions of subsequent &parate 

- I  



120 

The PECL (prkkreislaufe) facility in West Germany is a full-height 
integral refill/reflood facility containing a 340-rod electrically heated 
=re, external dckJncuner, and three ooolant loops w i t h  stem generators. AS 

m r a r e d  to a full-scale hi, the volume scaling of P a  is asroxhtely 
1:130, A pttest analysis is currently in progress for Core I of this 
facility. Another Core I test has been designated a standard problem and a 
'1Rp13 posttest predicticn for this test is also in progress. Future testing 
in Ha will use a better instrumented a r e  (Core 11) and Tiw3 predictions 
(pretest &d posttest) will be p e r f o d  as Gropriate. 

The Japanese Cylindrical and Slab Core Test Facilities (CT? and 
SCLF) and the German UFper Plenum Test Facility (UPIF) are part of a multi- 
national (U.S., Germany, Japan) program to investigate refill/reflood 
phenanena during a L13cA. ?he IASL role in this program is to provide design 
assistam? a d  test predictims/analyses using m, provide advanced instru- 
aentatim (stereo lens) ,and prform small-scale entrainment/de-entraimnt 
experiments. OXF is very similar to PKL bat contains 2000 beater rods rather 
than 340. System shake3own tests have been performed and a base-case test is 
plannd in May 1979. TRAC analysis of the last shakedckln test and a pretest 
gcedictim for the base test are in progress at this writing. 

and UpTF are full-scale separateeffects facilities which 
address multidirrrensiondL phenomena in the reactor vessel during the reflood 
process, These facilities are in the design stage and cxqlement each other 
in that they d e l  different regions of the reactor vessel internals in great 
detail. The main feature of SC" is a full-scale two-dimeiiional (slab) core 
oontaining 2000 electrically heated rods; the UPI" features a full-scale 
thr&hensicxlal &per plenun with the associated upper plenun internals. A t  
present l"@& is being used to provide design assistance by performing cal- 
d a t i w  Tor these m facilities ard for full-scale m. 
culations provide prototypical initial and b d a r y  ditions for the 
separate-effects tests. Testing in these facilities is expected to begin in 
1960 (SCE') and 1982 (UPIF). 

I 

?he PWR Cal- 

I 
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Based m the 'IRAC results for LOFT !&st U-2, a sensitivity stdy was 
initiated tn determiw i f  one of the rewet axrelatians available i n  the 
l i terature is mre suitable than the me currently i n  m. %is study is 
still i n  progress but i n i t i a l  results indicate that a correlatim that tates 
into x m u n t  quality and mass flux, i n  addition to liquid and nll proprties 
as i n  the a r r e n t  one, w i l l  greatly inprove agrement w i t h  exprinent. ?Tie 

entire reflood beat transfer methodology is being re-exdned to  inprove the 
reliability of the cunptations. Developnent of a m i c  fuel-rod gap d e l  
is i n  progress. Improverents to other mnstitutive relations w i l l  continue to 
be made based on further code testing and new experimental data. 

a wnt inu i rq  aztivity. We are currently investigating the use of higher order 
spatial integratim methods to a l l c w  better treatment of sharp liquid/vapr 
interfaces an3 the use of larger hydr0dYna;nic mesh cells. A fast-running Wn 

versicn, suitable for sensitivity studies and parametric analyses, is 
scheduled for future developrent. This code w i l l  be either a cne-dirnensional 
version or a coarse-node multidimensional version w i t h  appropriately d i f i e d  
m t i t u t i v e  relations. .. 

A Wefluid cne-dimensional hydrodynamics Capasility has bee? develcpd 
an3 is being tested. 'Ihis capability can be used i n  both the developoent of 
the cnedimensianal code and the develcgnent of a vessel &tile for Boiling 
Water Reactors (m). Another mjor capability under devel-nt is addition 
of a droplet f ield to allow e n t r a i m t ,  transprt, and deen t r a imnt  of 
drops as well as amntercurrent flow of drops and films. This cqmbility w i l l  
allckl better treatment of carryover ghenunena and en t r a imnt /&nt ra imt /  
film formatim cn t h e  uFper plenun internals and -1 formation above the 
q p = r  axe s-rt plate. An i n i t i a l  code version mntaining this capability 
is currently being tested. 

Injection of nitrogen into the primary system when the aoxnulators q t y  
Wing a ID3 can have a significant effect on f l u i d  properties, phasechange 
rates, wall heat transfer, etc. 
noncondensable-gas f ie ld  to 'I51A[=. 

Developnent of m r e  efficient and faster numerical integration schemss is 

' 

Sherefore wrk is i n  progress m - adding a 
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Description 

-1s a 
a three-dimensictlal ( r4-z)  or *dimensional (x-y) 
gecmetrical representation and a six-equatim -fluid 
d e l  to evaluate f l u i d  flows wi th in  the vessel. VESSEL 
includes rod heat transfer w i t h  reflood dynmics i n  
me-dimensimal and cylindrical g m t r y ,  slab heat 
transfer frun structure, and p i n t  reactor kinetics w i t ? ?  

M e l s  thermal-hydraulic flcm i n  a me-dimensional duct or 
pipe using the five-equatim drift-flux 6 1 .  P I E  can 
treat  area changes, wall beat sources, wall friction, and 
heat transfer kross the inner and outer w a l l  surfaces. 
Both d - h p l i c t  and ful ly  implicit solution algorithms 
are available in this m%le. 

vessel and associated internds using either 

' decay heat. 

Module 

VESSEL 

P I E  

Simulates a pressurizer using the me-dhns imal  
drift-flux rnodel w i t h  d r i f t  velocities specified to  
produce a sharp liquid/vapor interface during disdarge. 
The pressurizer walls are adiabatic but energy transfer 
fran a beater/sprayer system is simulated. 

Describes the  interacticn of the -phase f l u i d  w i t h  a 
centrifugal pmp using the PI= capabilities and puzq 
correlations for the mixture mmeiitun souce. 

Simulates an acmmulator f i l l ed  w i t h  Exx: water and 
pressurized w i t h  nitrogen gas using the me-dhnsional 
drift-flux d e l .  Tfie vapr-phase properties are those 
for nitrcgen gas and d r i f t  velocities are specified to 
produce a sharp liquid/vapr interface during discharge. 
Nitrogen is not allwed to discharge fran the ammulator 
because a mnaxdensible field is rot  yet available i n  the 
basic hydrodynamics &l. 

W e l s  either a "'IFtube" or "mcethrough" type stem 
generator using the  onedimensional drift-flux d e l .  
Primary and secondary side hydrodynanics are treated 
separately w i t h  -ling through wall heat transfer. 
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BREAK 

FILL 

Wscr ipt im 

- 
..I . , 

, ,- 
. .  . -  

Models the  thermal-hydraulics of three piping branches 
(two of which l ie along a CQmDn l ine w i t h  the third 
entering a t  an arbitrary angle) using esscqtially tw3 
pipes . 
Mcdels the thermal-hydraulic flcw i n  a valve using the 
basic PIPE capabilities. 
ccntrolling the flm area and hydraulic diameter between 

Valve action is mdeled by 

the two fluid cells. 

lhpses  a fixed or time-dependent pressure boundary 
d i t i m  me cell away f rcn . i t s  adjacent carqpnent. 
BRFAK is mt actually a system amgoneit but is treated as 
such w i t h  respect to  input, initializatio?, and _ _  
i w t i f i c a t i g  procedures. 

Inposes fixed or timedependent velocity txxlndacy 
mditims a t  the junction w i t h  its adjacent a q m e i i t .  
The observatim made for BREAK a@ies here also, 
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Module 

DFLD 

W3D 

Description 

Solves the finitdifference equations for the 
ocle-dimersimal &if t-f lux d e l  using either a 
d-*licit or ful ly  @licit algorithm. 

Solves the finite-difference equations for the 
multidimensional -fluid model using a mi-Wlicit 
algorithm. 1F3D irrcludes a oonstitutive package to 
provide w a l l  a d  interfacial shears and interfacial 
mass and heat transfer. 
Provides thermodyMnu 'c prcperties of water and stem. 

CarpUtes wmse wall friction factors and loss 
coefficients associate3 with abrwt area changes. 

Calculates relative velocities between vapr  and liqaid 
phases for the ondimensiondl drift-flux del. 
procedure is based m a flow regime map similar to that 
used in the three-dimensional vessel hydrodymnics. 

Solves the cndimensional (cylindrical) 
finitedifference themaladuction equations in the 
fuel rod including pellet, gap, and clad regions. 

Solves for the lcpnped parameter terrperature of a slab 
of arbitrary ccrrfigufaticcl. 

Solves the onedimensional (cylindrical) 
finitdifference thermal-amduction -?ations Ir. pip 
walls. 

Provides heat transfer coefficients fran wall to fluid 
based cn local conditions. 

The 

._ I . r ,.: 



128 

Drperiment 

1. Edwards Horizontal 
Pipe B l W  
(Standard Problem 1) 

2. CIS unheated 
Pipe BlowdckJn 
(Test 4) 

3. CISEHeated 
‘ Pipe B ~ W  

(Test R) 

4. Marviken FuY-Scale 
Vessel B l a z r d m  

5. Semiscale 1-1/2 
I s o t h e  B l W  
(Test l o l l I  Standard 
Problem 2) 

6. Sadscale -1 Heated 
LcapBlawdown (mst 

Problem 5 )  

m e r / D = Y :  Bypass 
m r i n w t s  

(Test 4) 

502 -8  Standad 

7. Creare Quasistatic 

8. ETiEIXT Forced 
Flooding Tests 

9. -mucleat LDET 
B l k I o w n  w i t h  Cold Leg 

* Injectim (Test L1-4? 
Standard Problem 7) 

Thermal-Hydraulic Effects 

Separate effects? onedimensional 
critical flow, phase change? slip, 
wall friction 

same as 1 plus pip wall heat 
transfer? flow area changes? and 
gravitatid effects 

same as 2 plus critical heat flux 
(m) 

Same as 1 plus full-scale 
effects 

Synergistic and system effects? 
ondimensid flow, phase 
change, slip, w a l l  friction, 
critical nozzle flow 

Same 
with rod heat transfer including 
nucleate boiling, m, and post- 

5 plus 3-D VeSSel d e l  

DNB 

Separate effects, mntercurrent 
flow, interfacial drag and heat 
transfer, c#ldensation 

Separate effects, reflood heat 
transfer I quench front propagation? 
liquid entrainment and carryover 

Integral effects during b l d  
and refill? scale midway between 
Semiscale and full-scale PWR 
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Facil i ty leat ion Scale Description - 
,CiemiscaleEbd-3 INEL mll Integral UCh facility with 

full-height -re, bo active mlant 
loops, external dacnxxmp -rt and UHI 
capability . 

IIJBI Ispra small Blowdown/refill facility wit.. t w  
active cxnlant 1-s and full-height 
simulatim of a Ph2. 

Nuclear IDET 

PKL 

Marviken III 

W small Separate and systms effects refld 
facility with a single-bmdle 
full-height core and one external 
loop. 

INEL Intermediate Integral LIXA test facility with 
nuclear axe and bo active cmlant 
1-0 

Tx;; Intermediate Full-height iefill/reflood facility 
with three cmlant loops (no pump), 
external daJnmner, and 34brcd core. 

. 

Japan Intermediate &fld facility w i t h  tm coolant 
loops (m pprps) and a 2000-rod 
cylindricdl wre. 

Japan Large Separateeffects reflood facility 
with full-scale slab axe, upper and 
l m r  plena, and similated downcaner. 

FRG Large Separateeffects full-scale upper 
plenum (including internals) test 
facility with damaxner and lwer 
plenm. 

Sweden Large Separate-effects facility for 
full-scale critical pipe flw. . 
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1. ~ypical arrangement of EWR vessel and loop onr>cxlents. 

2. m i c a 1  d i n g  schematic for a three-dimensional reactor vessel. 

3. Procedure for TRPC assessment. 

4, Fluid pressure far Edwards blowdown experiment a t  location GS-5. 

5. Void fracticn for Edwards blcwdsm experiment a t  location Gs-5. 

6. Fluid pressure ~ a r  the break for CISE heated blowdckn test. 

7.  Heater wall  tenperature for CISE heated blowdawn test. 

8. Mass flux for Marviken bl- experiment (Test 4) .  

9. Pressure near fsp of vessel for Marviken Test 4. 

10. lower plenum pressure for Semiscale isothermal blowdown (Test 1011). 

11. plmp discharge mass flm rate for Semiscale isothermal blowQwn (Test 
10U) 

12. lmer plenum pressure for Sgniscale heated blckh3cMn (Test S-02-8) . 
13. Hot-leg break mass flow rate for Semiscale Test S-02-8. 

14. Cladding tenperatwe i n  high pier  zane for Semiscale Test 502-8.  

15. Flooding w v e  for Creare la? subcooling tests. 

160 Flooding arrve for Creare high subcooling tests. 

17, I n t e  laq pressures for UIFI' Test 111-4. 

18. Vessel-side break mass flow rate for u>FT Test L1-4. 

19. Reactor vessel l iquid mass for I13FT Test L1-4. 

20. Cladding temperature r e m e  near a r e  midheight for low p e r  rods in 
mET Test L2-2. 

- 
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