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This paper describes calculaticns perftormed at Oak Ridge Natiaonal

Laboratory, under the auspices of the U.35. MNuclear Regulsatory

Commissiaon®s HTGR Resesrch Frogram, to charzcterize the inhsrent

safety of a 290-MUt), 100-tl(e), pebble bed modular high temperature

cgas—croled reactor (HTGR) design with vertical in—-line arrangement

{i.e. upflcw core with steam generators directly above the core). &
variety of postulated accidernt sequences involwing cambinaticns of
losse of forced primary coolant (helium) circulation, loss of primary

coolant pressurization, and loss of heat sink were studied znd are

discussed.

1.  INTRODUCTION MASM

Licensing and public acceptance problems besstting the curront
generation of light water power reactors have renewszd interesst n

reactor concepts with greater inherznt safety. Small HTGERe under studv

*Research Sponsored by the Office of Nuclear Regulatory Research, U.S. Nuclear
Regulatory Commission, under Interagency Agreement DOE-40-551-75 with the U.S.
Department of Energy under contract DE-AC05-840R21400 with Martin Marietta Energy

Systems, Inc.
AR
IHSTRIBUTION OF THIS DOCUMENT IS UNLIMITED 2 ) L



DISCLAIMER

This report was prepared as an account of wor: sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any lcgal liability or responsibility for the accuracy, completeness, or use-
fulness of any infermation, apparatus, product, or process disclosed, or represents
that its usc vould rot infringe privately owned rights. Reference herein to any spe-
cific commer:ia! product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



2

by the U.S. Department cf Energy have been proposed as fitting into

the inherently zafe category. This paper describes computer code

development and accident segquence calculations performed at DRML,

under the sponsorship of the USMRC HTBR safety research program, to

establish essential features of postulated heatup accidents aof the
250-MH (L) modul ar HTGR. This paper describes work on "vertical

in-limne" (VIL) design, so called because the steam generator is

located directly abcove and in vertical alignment with the reactor

care. Both the core and steam generator are housed within a single

zteel pressuwre vescsel.

Three different caomputer codes are discussed in this pagper. The

first code, described in Sect. 2, has multi-node reactor caore,

I 1n addition calculates th

in)

reflector, and reactor vessel models an

primary coclant circulaticn and presswe and heat tranzfer to the

steam generators. This code is applied, in-Sect. 3, to calculate the
peak ard average fuel and reachor vessel temperatures duwring

""" initiated by loss of forced circulation
(1.OFC) of the prime:rvy coolant,. The LOFC accidents considered here

involve the simultanesus and permanent faillure of all the helium

Circulators. Fesults are alzo pressnted for sequences in which the

[LOFC accident is fuwrther complicated by concamitant lass of steam

generator cocling andsor loss of primary coclant pressurization.

The second computer code (Sect. 4) utilizes zsimilar programming

techniques to model the 46-MWit) Arbeiltsgemeinschaft Versuchs Reaktor

(AVRDY in Juelich, West Germary. This reactor has many fteatures
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similér tD.the VIL modular designn. The code i applied tc simulate
the effect of a large reduction in primary coolant flow without
intervention by the reactor protection system. The results compare
favorably to the actual plant data, demonstrating an important safety

characteristic of the small HTGR.

The third computer caode is presented in Sect. 3. This code has
simplitied core and reactor vessel heat transfer models, but detailed
thermal models of the reactor vessel cavity, liner, concrete wall, and
surrounding earth (bedrock). The code is programmed Lo caloculate the
fuel, reactor vessel and reactor cavity temperatures that would eccur
if the worst case heat—up accident postulated in Ssct. 2 were fwther
caomplicated by the long-term loss of the reactor cavity coocling
system. Such accident seguences are vaery unlikely dus to the passive
featuwres of the cavity cocling svsetem and due to the extremely long
times involved Iin such heatups (tyvpically 2 weeks tao & months).

Fersulte are discusssd in Sect. 4.

Tentative conclusions with respect to basic safety featuwress of

the modular HTGR are briefly considered in Sect. 7.

2. MODREL FOR HEATUFR AFTER LOFC

The reference model used for the pebhble bed core and graphite
bhlock side reftlector 13 a two-dimensional (R-I) representation that

includes both radial and axial conduction. Convection cooling by the

priwary system helium is assumed to occuwr in the pebble bed corz but

7
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not in the reflector. In the nodal structure each axial segment ha

three radial nodes {for the pebble bed core, two for the side
reflector, and one for the core barrel wall (Fig. 1). In a more

detailed core model wsed for sensitivity studies, six radial nodes

were uwsed for the pebbls bhed core. There are ten axial segmentz. The

radial core flow distribution is assumed to be uniform, and the total

{upward?

{

flow {if nonzerg) is alwavs assumed to be in the normal
direction. A capability for modeling reverse (downward) flows would

only for simulating cazses where slow leaks cccurred near the

be usetul

bottom o+ the pressure vessel. The monvective cooling model wses an

exponential approach algorithm for computing coolant gas temperatwres

which permits representation of very low flows. The mooa=l of the

: internal convechtive heat transfer

1

2
—~~

graphite top retlector calcocul

fram the primary coolant and radiative heat exchange wibth the top

surtace af the core.

The core pebble bed and reachor +reatwes were assumed to be those

at & 1984 G4 Technologres (GAT) plant dess with primary system

shown in Table 1. Fhysical property data and

characteristics

carrelations were taken from current sowrces applicable to pebbhle bhed

techrnology. Helium convection heat transter uwses the Jeschar

correlation (FRef. 1)i pebble bed core effective conductivity is

P~ v B
s

Pocore specific heat uses

derived from Breitbhach and Be

a correlation by Fetersen (Ref. 3)i and the atterheat curve is from a

FF& correlation (Ret. 4. Rata published by BAT (Ref. I) was used for
gside reflector thermal conductivity, with higher thermal conductivity

o e
!

assigred to the relabtively unirradiated outer 50 cm of the 100 cm



thick vreflector.

The temperature of thz core barrel and reactor vessel 1s
calculated for sach ef 10 avial regions in the core model. The
2.34-cm—thick cere barvrel iz in contact with and receives heat by
conduction from the guter reflector of the core. The core bharrel and

=]

reactor vessel are separated by the coolant downcomsr annulus. The
surface of the reactor cavity is assumed to be maintained at 130 C to

represent the condition of the cavity cooling svstem cperating in the

passive (i.e&., natwal convection) mode.

A steam generator model is provided to complete the caiculation
af primary coolant temperatuwres throughout the primary coolant syvstem.
The present steam generator model 1s very rudimentary hut is eguipped

with two modes to alleow the simelation of sibher continued feedwater

flow or the loss of all +tesdwater f1low. For the mode that simulates

continued feedwater +low, the helium is assumed teo exchange hegat with
metal tubes that are at & single uniform temperature. The m=tal

temperature 18 an inpul parameter and is assumed to be maintained

constant by the continued flow of feedwater. The mode that simulates

i

the laoss of feedwater treats the steam generator tube metsl as
passive hesat =ink that excharnges heat with the incoming helium.
After the loop temperatures are calcuwlated, the

@l pressure 1s calculated by

constant—-inventory reactor wves

ighting the inverse absolutse temperatwres throughout the

vialeume —u

primary coclant loop. For transients involving losse of helium
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inventory (depresswization?), the current model bypasses the pressure

calculation and accepts an input preszwuwe ve time profile.

The natwral circoiation flow rate of helium during an LOFC

accident depends on the driving bead caused by the tislium density
differences around the leoop and on the total presswe drop due to the
temperature differences in the primary cooclant flow circuit. Since

all coolant within the vessel is at essentially the same presswe, the
density differsnces are due to temperature differences in the primary

coolant Fflow circuit. A& total unrecoverable presswe drop of ©.1327

-

MPa (20 psi) at full power was used for the helium circuit. To relate
this known teotal pressure drop to the unknown total presswea draop at
reduced flows, the "emooth pipe" sssumpltion was emploved: the

friction factor is praportional to the -0.2 puwer of FReyvnolds nunber

(or maso flow).

I PESULTS: LOFD ACCYDENTS

An extrooe variation of the worst-case LOFC accident is a reactar
scrram followed by simultarneous lass of primary system pressure, along

with a loss of fesdwater cooling to the steam generators (Fig., 2). In
this case the masiaum fuel temperatwe reachedd 1549 £ at 2t h from the

start of the transient. Maximum presesure vessel temperatures were

1E31E O Average steam generator tube metal temperature peaked at

7o C owithin the first houwr. The steam generator tubes at the top

(primary coclant inlet) end would reach higher temperatwes beocause
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they are the firet to be exposed to the hot helium drafting upward
from the core (peak coglant temperature at steam generator inlet was
211 C at 30 h). The single-node steam generator model caloculates the
average tube temperatuws but provides no estimate of the tamperature
of the hottest tubes. |

The small amount of primary svstem natuwral circulsation flow Q.03
kg/s or 0.05%) was marginally effective in reducing the maximum fuel
temperatures, a5 evidenced by the fact that in & run in which the flow
was forced to zero, the maxioum fuel temperatuwre reached 1597 C at

22 h. The time spent abt the higher temperatures was also longesr far

the no-flow case.

In a secornd variation, it was assumed that forced circulation was

= depresswized, bhut the feedwater to the steam

tost and the sysi
generatore was maintained. This led to a slight reduction in the
maslimum fuel temperatuwe by virtue of the slightly increased naturazl
clirculation (0.08 kgss). Here, the maximum fusl tePmperature of 1487 C
occurred at 19 k. Matwally, the steam generator temperatures ware
reducer considerably, remaining below the normal operating values
atter the start of the transient. Maximum pressuwre vessel

Cr.

temperatures in the core region were also lower (9

Im & third, more realistic case, it was assumed that the system

remained pressurized, with LOFOC and loss of feedwater $low to the

e (Fig. 32)Y. The natural

st@eam generators occwring at time =

circulation flows are much larger here (2.7 to 1.0 kg/s), and the core
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condu&tivity in the 1300 to 1300 C region resulted in an approdimately
50 C lower pealk fuel temperature. A modified decay heat correlation
with about 10% lower descay heat resulted in & 100 C reduction in
predicted peak fuel temperaturs. Finally, the sffect of side
reftlector conductivity was exarined by using UldEF; more conservative
data for graphite thermal conductivity and by not taking advantzage of
the fact that the cuter 50 cm of side reflector graphite is relatively
urnirradiated. These changes, which yvield an approximately S0% lower
conductivity, resulted in a predicted

average side reflector thermal

130 € higher fuel temperabuara.

Orne potentially important Y“parameter” is the axial variation of
heat generation within the core. The shape of the axizl powesr profile
is sensitive to the fuel management strategy emploved. A amial
profile with peak to average heat generator ratio of 1.7 was emplovsd

faor the present work. & more highly pe

whed profile ~ould result in

Righer Ffuel or reactor temperatures,
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4.  COMFARISON TO AVR PLANT DATA

The AVR is shown in Fig. 4 and technical information is
summarized in Table 2. ThHe core is fueled with &-cm diamater graphite
pebbhles containing coated fuel particles. During gperation, pebbles
are caontinuously withdrawn from the bottom of the reactor cors and

pebhles are added at the top.

Helium flows upward throwgh the pebble bed and then across the

sheam generator tubes to produce steam. The resctor- can operate at

o

full power with & gas cutlet temperatwre ranging from 770 C to 730 C.
The steam gererator is located above the cors in the steel reactor
vessel . It is shielded from core radiation by a Z0-cm-thick graphite
topg reflector and two blowers located in the lower part of the vesssl.

witor is controlled by varying the coolant £1ow.

The power of the re
The AVR has four controel rods that are wtilized to control the core
conlant outlet temperatuwe and to achisve cold shutdown. The cortrol

rods were held stationary dwring the tests discussed here.

T mramine reactor response to large flow reductions, ORML is
analvzing selected experiments from a series of tests performsd at the

The aYR stadd perfarmed these tests to examine

AVE during 156
the change in reactor performance as the core composition was changed

from all HEU/TH core o mixed HEU/ Th and LEU core.

The approsch used in the modeling is to first use fairly simple

fects, then improving the modsling detail

models to exdaminsg various . ef
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as necsssary. Model festures are summarized below:
- space independent newtron kinetics with six groups of delayed

neutiron precursors.

- a coarse-—-structure thermal model with hesat conduction dynamics and
heat convection in each axial sechtion approximated by a model of the
"average pebble" in that section.

= nuclear importance (flux sguared) weighting of solid temperatures
in the axial direction to determine the effective
temperature—to-reactivity ‘teedback.

- computation of reactivity effects due to chanrnging Xe—135
concentration using coupled equations for the core average iodine and
lenon concentrations based on the core average thermal fiuwe level.

- a guasi-static, one-dimensional reprasentation of the helium
temperature and f1low.

— for forced convechtion conditions, helium flow is camputed from
measured circulator sneed, core inlet temperatwre and pressure
assuming volumetric flow ie proportional to speed. For natwral
convection conditions, helium flow is computed by balancing
unrecoverable losses through the primary loop sgainst the density
difference driving head.

-~ computation of the decay power contribution to total power as the
output of a serigs of optimized lead-lag filters with prompt power as

an input.

Figure 5 shows the calcoulated results and the measuwred powsr for

a flow reduction test performed April 1&, 1982, The reactor was
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initially at full power with a core inlet gas temperature of 271 C and
a gas ocutlet temperature af 807 (L. The test was initiated by reducing

the speed of each circulator from 4000 rpm to Z000 rpm over 68 s. The

speed was held constant at 2000 rpm until shutdown of both circulators

was initiated at 1085 <. During the test there was no control rod
motion. When the circulator speed was reduoced, the largs negative
temperature coefficient and the increasing fuel tempasrature caused the
power to closely follow the flow raduction. With the decrease in

flis, the transient increase in X@non concentration resulted in =z

nagative reactivity contribution. About 130 g after the reduction in
circulator speed, the core reactivity returned to zero with the
negative contribution dusg to the increasing Xenon concentration being

balanced by the positive fuel ltemperature contribution.

With shutdown of the circulators {(indtiated at 103% s) the fuel
heats up slightly, driving the reactor subcritical. Xenon
concentiration increases due to the decrease in buwnout rate, and the
resultant additional contribution of negative reactivity is sufficient
ta hold the reactor subgritical until the retuwn to criticality at
about 1600 =5, even with cooling of the fuel by natural convection

timates to be about 8.9% of full flow, and which is

(which the model e

confirmed by independent investigations by the AVR staf+f.

Im summary, evern with a 304 reduction in core flow and no conterol
rod motion, the high heat capacity of the fuel and the negative

temperature coefficient combine to produce only moderate changes (on

the order of 20 ) in maximum Juel temperature.
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S. MODEL FOR DISSIFATION OF DECAY HEAT TO EARTH HEAT SIMKE
Studies described in Sect. I covered depr@ssu}ized heatup cases

whe-e the coaoling system for the cavilty cooling wall remainesd
operative, sither by forced convection cooling or by passive (bociling)
coocling., following a depressurization and LOFD accident. This section
describes the computer code developed for study of the longesr—term
reactor heatup problem that would evolve 1f the cavityv—-wall ceooling is
lost and i+ the wltimate heat sink is the earth surrounding the
reactor vessel cavity. Dynamic solutions to this cylindrical
geametry heat conduction problem were generated wusing the IEM
Continuous System Modeling Frogram (O5MFP) language’s array integeration
feature Lthat enabled, with little effort, & relatively fine-structures

solution for the earth Lemperatures history.

The total svetem model consists of a 2-node approximation of the
reactor (average core and average side reflector?, 1 node each for the
reactor vessel and cavity concrete wall, and 0 radial
(cylindrical -shell shaped) earth nodes., The parameters ussd for the
gffective heat capacity of, and conductance between, the core, side
retlectar, and reactor vessel were derived from the more detailed

s

made! described in Sect. 2. Modeling of the concrete lingr heatup

sunes @1ither no cooling o a limited supply of passive

optionally as
(boiling water) cooling. Neglect of axial temperatures variation in the

core and reactar v 2] was shown (by using the code of Zect. 2) La
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resulf in.an uncertainty of less than about S0 (.
conduction in the earth modeling is a conservative
The outer radius chosen for the sarth cylinder
to 36.48 m for relatively short (S00-h) transisnts
longer (ZO00-h to 1000-d) ones, the choice being a
out the temperature perturbation penetrates. ({The

earth cylinder model is assumed to be insulated.)

6. RESULTS: DISSIFATION OF DECAY HE&T TO EARTH

The accident seqguence far the results prasen

L]
ot forced primary coolarc

¥

is initiated by a loss

camplicated by concomitant loss of steam generator

primary coclant pressuwrizaticon, and fuwther compou

the reactor

terms of the madimum reactor vessel and cavilbty wal

demonstrated in Sect. I, the peak fuel temprratwe

independent of cavity wall and earth temperatures

relatively early in the accident (First 24 h). I

af this section was there a secondary fuel tempera

approaching in severity the magnitude of the initi

Figure 5 shows the temperature versus time of

far the fowr possible caombirnations of input assump

"low"/"high"

reactor core atfterhesat generation. The "low" ther

Btuwstr-Fh-F) . Such a value would be

0.7 wiml

avity cooling syvehem. The caonseguences

thermal conductivity of the sarth and of
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18.73

to 107 m $for the

function of how far
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—oncrete ar dry limestone. The "high" value aof earth thermal

conductivity is 2.9 wsmC (1.7 Btu/h~ft-~F)i this is based on

measurements of the properties of limestcone bedrock encourntered during

*1ow"

an existing earth heat removal experiment at ORML (Ref. &). The

Section Z: ths=

afterheat generation is that unsed for the model in
"high” afterheat is from a conservative carrelation used for HIGE

liciensing analvyses (Ref. 7).
The four curves coni Fig. 9 show that the conssguences of permansnt

logs of liner coaoling water atter the worst-case LOFC accident can

Curve 1 ("low" reactor aftterhsat and

range from mild to
"high" earth thermal conductivity) has a relatively wild cornseqguence
since both the reactor vesssl steel and the concrete wall of thes
vessel cavity couﬁd withstand the Z723 C peak reactor vessel
temperatuwe. Concrete wall suwftace temperatuwre, not shown, ramains
about Z5 C below reactor vessel temperature throughout the acocidsnt.
Curves 2 (Yhigh'" conductivity and afterheat? and 3 ("low" conductivity

and aftterheat) exhibit peak vessel tempesratures over 373 O that could

bring about undesirable changes o reactor vessel steel or cavity wall
concretel however, the basic structwal integrity of either material
would rnoc be lost. The maxioum conseauances of the accident responses
aof Curves 2 and 2 would result in financial loss instead of a threat
to public satfety (financial loss considerations are beyvaond the scaops

=Ry

of this paper)

The accident response of Cuwrve 4 of Fig., 4 ("high" afterheat,

"low" cornductivity) would involve both financial loss and, possibhly,
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compromis=ad margins of public safety. The peak reactor vessel

C, and the peak concrete temperature would cause

temperature i1s 1f

degradation of koth steel and corncrate. The steel would suffer

significant loss of strengthi: if buckling of the reactor vessel or its

supports ccourred this would violate the fived-geometry assumptian of

vessel or vessel support

-+

ssesenent of chances o©

£

this analysis. An

and possibly more detailed

failure would reguire a strese analvsis
thermal analysis. The beghavior of concrete at (000 € is very

dependernt on the compozition of the concreted: howsver, it would be

reasonable to expect some swface crumbling and release of gaseous

degradation products such as COZ and H20.

7.  CONCLUSIONS

The modular HTGR plant appears to have, with respect to safety,

desirable response characteristicsg following LOFC accidents. Even in

the warst case LOFD with loss of primasry coolant presswizetion and

lose of steam generator cooling, the maximum hot-node fuel temperature

is limited to the neighborhood of the 1400 O design goeal, and the core

average temperature peaks below 700 C.  Fuel damage in this

temperatuwe range should be mince. I+ steam generator cooling is

maintained after a pressuwrized LOFC accident, the maxiamum hot-rnode and

average fuel temperatuwres remain below normal full power values. If

steam generator cooling fails sarly in a presswised LOFC accident,

damage Lo the steam generator tubes will resaltis an assessment aof che

degree of damage would reguire a detailed strese and thermal analvsis
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of the steam generator recponse during the accident.

I¥ the worst case LOFC accident must be analyzed for the case of
extended loss of cavity cooling, then the heat dissipation to the

Depending on

=

surrrounding sarth must be considered in the analvsis.

site and reachtor specific characteristics, the ultimate heat sink

i

i

provided by the earth may o may nobt be sufficient to prevent severe
conseqguences. The guestion of whether extended loss of cavity cooling
muet he considered in the design basis of modular HTGRs is besyvond the

scope of this paper.
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Table 1. 250-MW(t) Modular HTIGR Primary System Data

Reactor power, MW(t) 250

Power density, W/cm3 3.7

Heat losses from NSS, MW(t) 3

Thermal power to NSS from circulators, Md(t) 4

NSS thermal power, MW(t) 251
Primary helium pressure, MPa (psia) 6.9 (1000)
Reactor inlet temperature, °C (°F) 255 (491)
Reactor outlet temperature, °C (°F) 687 (1269)
Number of helium circulators 4@

Helium circulator, AP, psi 20

Gas flow rate, kg/s (1b/h) 111 (881,820)

aHorizontal, single stage, axial .cmpressor, external drive.

Table 2. echnical data for AVR

Thermal power rating, MW 46.0
Core power density, MW/m 2.5
Core inlet temperature, °C 275
Core outlet temperature, °C 950
Primary system pressure, bar 10.8
Core diameter, m 3.0
Steam pressure, bar 13

Steam temperature, °C 505

b

Absorber rods
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