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INTRODUCTION

In High Temperature Gas Cooled Reactor (HIGR) siting considerations, the
Unrestricted Core Heatup Accldents (UCHA) are considered as accldents of highest
conseguence, corresponding to core me!tdown accidents In |Ight water reactors.
Inltlation of such accidents can be, for [nstance, due to station blackout, re-
sulting In scram and loss of all main loop forced circulation, with none of the
core auxlllary coollng system loops belng started. The resuit Is a slow but
continuing core heatup, extending over days. During the Inltial phases of such
UCHA scenarlos, the primary loop remains pressurized, wlth the system pressure
slowly Increasing until the rellef valve setpoint Is reached.

The major objectives of the work described here were to determine times to
depressurization as well as approximate loop component temperatures up to depres-
surization. The time of depressurlzation Is the earllest time for some of the
clrculating Inventory of fission products from the primary loop to enter the
contalnment building, thus affecting the relatively mlnor consequances of some
accldent scenarios. Only In the extremely unllkely case of simultaneous con-
talnment Isolation fallure do signiflcant consequences arise at this time. The
temperature distributlon at the tIime of depressurlzation also serves as Input to
long term analyses of UCHA with a change In models at that time, since heat
transport by cenvectlon Is signlficant In the high density gas prior to depres-
surlzation, but becomes negliglble In the low density gas subsequent to depres-
surlzatlion. Furthermore, the early temperature history Is requlired to establish
the maxImum t+ime that I's avallable to restore forced circulation (MIRC) without

Incurring any permanent damage to the equipment.

The Investigations reported here are for the General Atomlc ™Base Line
Zero" reactor! of 2240 MW(th). Most of the results apply at least quallta-

tlvely to all large HTGR steam cycle designs.



SYSTEM DESCRIPTION

A typlcal HTGR Is shown In Figure 1. The core Is located In the main cavity
at the center of a presiressed concrete reactor vessel (PCRY). [t conslsts of
about 4000 fuel elements, which are hexagonal graphite blocks containing embedded
fuel rods and coolant holes surrounding the fuel rods. Thc four maln-joop side
cavities contaln the steam generators, the main |oop [solation valves (MLIV), and
the circulators. Three further side cavitles contain three Independent auxi-
11ary cooling loops, constltuting the core aux!llary coollng system {CACS).

The core and side cavitles are thermally separated from the colder PCRY by
the thermal barrler which consists of steel cover plates, a lay;r of thermal
Insulation, and the |Iner cool Ing system (LCS), the latter belng a system of
cool Ing tubes welded to the back of a steel I|1ner,

During normal ful |-power operatlion about 9 x 106 1b/hr of hellum clrculate
as coolant through the primary loop at a clrculator outlet pressure of 1050 psla,
entering the core with about 600 F and entering the steam generators with about

1270 F, transferring approximately 2240 MW th.
ACCIDENT DESCRIPTION

Inltlation of UCHAs requires loss of all maln loop coollng and lack of
starting of any of the CACS loops. Following a scram and loss of forced clrcui-
atlon (LOFC), all maln loop clrculators coastdown to a full stop. The reactor
consldered here employs gravity operated flappsr valves as main-loop Isolation
valves, so that under UCHA conditlons the maln coolant flow through the steam
generator side cavitles decreases rapidly to virtually zero. Since decay heat
gene:ration and oriflicing vary between different refuel Ing regions of the core,
natural convection currents will arise between the varlious reglons, with the
coolant rising In the hotter reglons and fa!ling in cooler regions. There Is
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also some bypass flow arcund seals and through buffer |lInes in the side cavi-
tles, but the In-core natural clrculation Is the most significant remaining
coolant flow. However, as the relatively hotter and cooler regions of the core
are at the same el!evatlion, these flows are extremely weak and tend to die out as
temperature dlfferences are ecual {zed.Z

During this Inltlal perlod of the accldent, core pressures will rise until
the rellef valve set polnt of 1123 psia Is reached. This can typically occur In
about 1 - 6 hr; the exact time being very sensitive to detalis of tha steam
generator performance during the initlal part of the accident. As the rellef
valve setpolnt Is reached, partlal depressurlzation and subsequent valve closure
could occur. However, since the helium reaching the valves from the upper
plenum 1s now at relatively high temperatures, I+ has become customary to assume
that the valve(s) fall at this time, resulting In full and permanent depressurl-
zation.3 Even If the valve would reseat Itself a few times, I+ would even-
tuaily fall due to rising hellum temperatures, and the slightly later depressurli-
zatlon would have | 1ttle effect on the 1ong~term accldent scenario.

The pressure history Is one of the maln varlables of Interest during this
ear |y phase of the accldent., Subsequent to LOFC, the pressure Is virtually

uniform throughout the primary lcop. From energy conservation for a fluld In a

closed loop at uniform pressure, one sbtalns for the system pressureé

P () = ==L T Q)

v
°  =1,N

where Vo Is the total primary coolant volume, P Is the loop pressure, 0l
Is the net component-to-hellum heat flow within component I, N 1s the number of

components, and x the speclflc heat ratio.



This relationship shows that the loop pressure history Is only a function
of the net heat transfer into or out of the coolant thiroughout the locop. In

Integrated form this can be expressed as

Toiow

v
2 -p ) = f Q.(t) dt
K=t blow "o AN I

where Po is the Inltlal system pressure, Pblow the rel lef vaive set-
polnt and fblow the time to reach the rellef vajve setpoint,

For an operating system pressure of 1050 psia and a rellef valve setpoint
of 1125 psia, the [cop coolant can absorb about 1580 MJ befors depressurization
would occur. At steady state, full~power operation, the coolant energy is 9710
M! (referrad +o an assumed LCS sink temperature of 200 F). Thus, the additlional
energy that the coolant can absorb before depressurization, Is only 16% of Its
inltial energy. The steady stats energy iransfer from the core to the steam
gonerators through the coolant Is 2400 MW. These data show that the energy
addition to the coolant that could cause depressurization is exiremely smail
wllfh respect to the energy transferred between core and steam generatcr through
the coolant durlng normal operation, as well as during the coastdown to accldent
conditions. Thus, the times to depressurization can be strongly affected by
reiatively short-term effects during early parts of the transient, as will be

demonsirated below.
METHOD OF ANALYSIS

A modifled version of the RATSAM code’® was empioyed for the analysis of
these early primary loop transients. This code effects a slmultaneous flow and

thermal analysls of the complete primary loop with core and side cavitles,



Including steam generator and CACS coolling, as well as thermal 1iner coollng.
Transient solutions of the mass, momentum and energy balances for the coolant
are coupled with translent soild energy balances for the core and side cavity
structures. The code is |imited to a set of about 30 to 50 filuld nodes repre-
senting the primary ioop coclant, plus the same number of solid nodes represen-
ting core and side cavlty solids. A transient soiution of the momentum equation
is not essentlal for the current problem, except possibly for the first 30 s
while the circulators coast down and the ML1Vs close. However, fransient mass
and energy conservatlon were essentlal for modeling of the coolant In the var-
lous large cavitles with very slow flows.

A schematic of the nodalization used Is shown In Figure 2. The core was
divided Into two perallel flow reglons of about equal numbers of refuellng
reglons, with the refueling regfons lumped Into the “hot" core channe! having
about 2/3 of the decay heat, and the "average" core chinnel having the remalning
1/3 of the decay heat. The parallel flow path representing the four steam
generatcrs as well as the parallel flow path representing the CACS were essen-
tlally dead ended after valve closure, however, with some net mass (nflows as
the side cavitles remaln cooler than the core. An additlional parailel flow path
represents the remaining steam generator bypass flow.

The possible in-core nodal lzztlon {1wo paralle! flow reglons and five axlial
nodes for each flow regfon) was less than desirable, but the accurate prediction
of the weak In-core natural clrculation flows is difflcult and apparently re-
quires higher nodalization in particular In the axial direction than currently
avallable from any HIGR code.2,6 Furthermore, accurate In-core flow predic~
tlons at these low flow rates would require better Informatfon on frictional
resistance In particular through the top reflector orifices and through the

Irregular bottom reflector flow passages at very low Reynolds numbers.



Prlor to app!ication, the code, originally developed by GA, was extensively
reviewed and revised to ensure an Independent and reliable assessment of early
UCHA transients. All resulting mode! changes have been documented In Appendix A
of Reference 4. In particular, I+ was found that very early secondary side tran-
slents In the steam generator could have a pronounced effect on the pressure
history. Therefore, mass and energy conservation equations for the steam gene-
rator secondary side heat transfer were added. Details of these secondary side
models are given In Reference 7. The computation of convective heat transfer
coefficlents between the coolant and the various solld structures was Improved
using, In particular, more representative Reynolds numbers.

While some mode! Improvements remaln desirable, on batance, the code In Its
revised form was consldered fo represent the best currently avallable tool for
Inltlal assessments of primary loop transients during early UCHA sequences.

All results to be reported here did assume a functioning liner cooling
water system (LCS). In some scenarfos, 1lke In the case of station blackout,
this would not be so. Considering the heat ‘ransfer through the thermal barrier
to the lliner coolant tubes, with the kaowool [nsulation of the thermal barrier
being the dominant resistance, In case of the water coolant flow coming to a
halt, the surrounding concrete would provide a sufficlent heat sink for several
hours before 1t begins to heat up sufficlently to reduce the helium to thermal
barrler heat transfer. Thus, the effect of the LCS is falrly small for the
flrst few hours of UCHA transients, and results at most In slightly earilier
depressurlzation which Is well within the accuracy |imits of the current re-

sults.



CODE APPLICATIONS AND RESULTS

During the process of modifying and applying the code, numerous applica=-
tlons were made for varlous conditions, In particular using different thermal
|Iner and steam generator ccolling optlons. Only a few typical results will be
reported here.

The base case assumes a functlioning LCS with an average coolant temperature
of 200 F. Steam generator secondary slide coollng Is based on a feedwater flow
ramp at scram from design flow to 15% of design fiow over 170 s, based on GASSAR
data for DBA prac'rlce,8 and with a final drop to zero feedwater flow at
1000 s.

The translent Is Initlated by a clrculator trip, followed by scram. The
clrculators coast down to zero speed at 24 s, with main loop Isolation valve
closure at 31 s. The resulting loop mass flows are shown in Flgure 3. Fol=
lowing the Initfal coastdown, the fiow reverses In parts of the core, and a
natural circulation flow of about 10 Ib/s Is gradually establ ished between
hotter and cooler regions of the core. The steam generator bypass flow persists
at about 1 Ib/s throughout the transient, while CACS bypass fiow rates are about
0.2 Ib/s. The natural clrculation flows between d!fferent reglons of the core

are clearly the most significant remalining flows.



The heat exchange between the hellum and the core, and the steam genera-
tors, and the thermal barrler Is shown in Flgures 4 and 5. Very esrly in the
translent, the total core-to-hellum heat transfer Initlally exceeds the decay
heat, as shown In Figure 4, and the steam generators absorb more heat from the
he) lum than the hel lum receives from the core, resulting In a2 decrease of energy
In the coolant and a corresponding drop in pressure (Figure §). About 1100 MJ
are removed from the hellum during the first 30 s of the transient (Frame (b) of
Figure 4), aimost doubling the Inltlal margin to depressurization of 1580 MJ.
As shown In Figure 5, from about 200 s on, most of the heat iransferred to the
hellum In the actlive core reglions Is absorbed In the reflectors, with the net
transfer from the core to the helium being on the order of 2 to 3 MN. Absorp-
tlon of heat by the steam generators drops to about 0.3 MW after 1500 s. The
heat flow to the thermal barrier siowly bullds up to about 1 to 2 MW. WIth
decreased energy removal In the steam generators, net accumulation of energy In
the coolant begins at about 750 s, with the net heat Input from the core ex-
ceeding the heat transfer to the thermal barrisr and to the steam generator by
only 0.5 to 1 MW. However, the continuling net accumulation of this relatively
small amount of power In the coolant |eads to depressurization at §400 s. The
corresponding system pressure [s glven In Figure 6, showing a minimum at about
750 s, and reaching the rellef valve setpoint of 1125 psi at about 6400 s.

Typlcal system temperatures are shown In Figures 7 through 9. At decay
heat l|evels, the temperature gradlent In the fuel elements Is small, and the
fuel can be considered to be essentlally at the average solid region tempera-
ture. Fuel fallures are not expected at these early times. Nor have any fal-
lure temperatures been reached for any of the other components, except for the
rellef valves which are conventionalily assumed to fall with Initlal depressuri-

zatlon,



The most Important conclusion from this Base Case was that the early heat
remova! from the coolant primarily to the steam generators was very essential In
decreasing the overall Internal energy of the coolant, thus slignlflcantly de-
laylng the time of depressurization.

I+ should be noted +hat not only the core graphite represents a signiflicant
thermal capacltance to which the primary loop coolant Is exposed, but that the
steam generator thermal capacitances are of the same order. Thus, early second-
ary slde heat transfer and the thermal capacitance of the steam generators have
a very signlficant effect on the early primary loop translents.

The steam generator coolling assumed In the Base Case, of 15% of feedwater
flow up to 1000 s cannot be maintained In certain accident scenarlos, In parti-
cular In cases of station blackout.

While over most of the Base Case, dlscussed above, heat removal by the steam
generators was small, Its Inltlal contributlion over the first 700 s was very sligni-
ficant, and since the Integral of net heat fiow Into the coolant determines the
blowdown time, early but strong heat removal by the steam generators can have
drastic long term effects on the transient. Therefore, as a |imiting case, a
computation was made with zero heat removal from the secondary side of the steam
generators.

The mass fiows for this case are shown In Figure 10. The early mass flow
decreases are identlcal to the Base Case data. However, the long term mass
flows are silightly higher In this case, due to larger buoyancy forces between

hot and average core channels.



The heat flows to and from the coolant are shown In Flgures 11 and 12. The
early heat flows to and from the helium are In essence simllar to those of the
Base Case, with the heat flow to the steam generator [nitially being absorbed in
Its solld capacltances. However, the very slightly lower amount of heat teing
absorbed In the steam generator accounts for the energy in the hellum o remain
approximately constant, In contrast to the Base Case, where a signlficant Inl-
+lal decrease In fluld energy was observed (Frames (b) of Figures 4 vs. 11).
Similarly, the longer term heat flows (Figures 5 vs. 12) are qualltatively
simllar to those of the Base Case. However, the heat absorpiion [n the steam
generators In the first 1500 s Is now significantly lower than In the Base Case,
and as & result, the coolant energy decrease from 30 to 310 s |s much |ess than
In the Base Case, and the loop pressure begins to rise after only 310 s, as
shown In Flgure 13, resulting In a faster pressure Increase and ieading to

depressurization after only 2500 s, compared to 6500 s in the Base Case.

I+ should be noted that the assumption of zero secondary side heat fransfer
Is a |imiting one, as there will ailways be some heat transfer to the remalning
sscondary slde coolant. However, [n station blackout Inltiated accidents the
heat absorbed by the secondary slide coolant might Indeed be very small and
depressurization +imes close to this |Imlting value cannot be excluded without

further, more detalled evaluations.

The varlous component temperatures for thls case remained very close to the
corresponding temperature histories of the Base Case. The upper plenum tempera-
tures were about 100 F higher in this case, andi the lower plenum temperatures were
slightly lower. These slightly higher gas temperature difference across the
core Increased the bucyancy forees and reauldad In largar maee flowe

(Flqure 10}.
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SUMMARY AND CONCLUS IONS

A modifled version of the RATSAM coce was appliled to analyze early primary
toop heatup +ransients subsequent to loss of all forced clirculation. Some future
fmprovemen+s In the models remain desirable, In particular flner core nodal ization
and better Information on core flow resistances at very low flow rates. WIlth the
current capablilities of the code, a few speciflic cases were analyzed., It was found
that the steam generator secondary side flow conditions during the first few 100 s
of the transient can have a very significant effect on the depressurization times
which can range from 2000 to 8000 s.

Depressurlzation times previously reported by others have been significantly
longer.3v9 The majos: di1fferences between those computations and the ones reported
here are due To our more detalled secondary slide modelIng as well as due to some
Improvements In design Input data, heat transfer coefflclents and similar Items.
Some of our changes In Input data might not te applicable for certaln specific
situations. However, they do represent cases of Interest during UCHA scenarios.

Thus, with the uncertalnties of the aralyses In mind, it is concluded that
whiie the longer depressurization times from previous work may be representative
for certain cases, the shorter ones obtained here are at least as ilTkely for

many scenarlos of Interest.
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Figure 8. Loop helium temperatures (T) during a UCHA transient prior
. to depressurization (all time scales begin at trip time).
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Figure 13. System Fressure in the Primary Loop During an UCHA Transient Prior to
Depressurization; Case 2. (All time scales beginning at trip time).



