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SIMULATION OF THERMAL RESPONSE OF THE 250 MWT MODULAR ETGR
DURING HYPOTHETICAL UNCONTROLLED HEATOP ACCIDENTS*

R. M. Hairington S. J. Ball

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831, U.S.A.

ABSTRACT

One of the central design features of the 250 MWT modular
1TGR is the ability to withstand uncontrolled heatup accidents
without severe consequences. This paper describes calculational
studies, conducted at Oak Ridge National Laboratory under the
auspices of the U. S. Nuclear Regulatory Commission's ETGR Research
Program, to test this importaat design feature. A multi-node
thermal -hydraulic model o£ the 250 MWT modular HTGR reactor core
was developed and implemented in the IBM CSMP (Continuous System
Modeling Program) simulation language. The code is capable of
predicting the peak fuel, reflector, and reactor vessel tempera-
tures reached following permanent loss of forced primary coolant
circulation accidents with or without concomitant loss of steam
generator cooling water flow or accidental depressurization of
the helium primary coolant.

Survey calculations show that the loss of forced circulation
accident, with loss rsf steam generator cooling water and with acci-
dental depressurization is the most severe heatup accident. The
peak hot-spot fuel temperature is in the neighborhood of 1600°C.
Fuel failure and fission product releases for such accidents would
be minor. Sensitivity studies show that code input assumptions
for thermal properties such as the side reflector conductivity
have a significant effect on the peak temperature.

A computer model of the reactor vessel cavity concrete wall
and its surrounding earth was developed. This model was used to
simulate the extremely unlikely and very slowly-developing heatup
accident that would take place if the worst-case loss of forced
primary coolant circulation accident were further compounded by
the loss of cooling water to the reactor vessel cavity liner
cooling system. The simulation results show that the ability of
the earth surrounding the cavity to act as a satisfactory long-
term heat 9ink is very sensitive to the assumed rate of decay
haat generation and on the effective thermal conductivity of the
earth. Soil properties at some sites may not be suitable.

*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.



1. INTRODUCTION

This paper describes computer code development and accident sequence
calculations performed at ORNL, under the sponsorship of the USNRC HTGR
safety research program, to establish essential features of heatup
accidents of the 250 MW modular HTGR. The work to date has been pri-
marily directed toward the "in-line" design, so called because the steam
generator is located directly above and in vertical alignment with the
reactor core. Both the core and steam generator are housed within a
single steel pressure vessel.

Two different computer codes are discussed In this paper. The
first code, described in Section 2, has multi-node reactor core, re-
flector, and reactor vessel models and in addition calculates the pri-
mary coolant circulation and pressure and heat transfer to the steam
generators. This cede is applied, in Section 3, to calculate the peak
and average fuel <n.d reactor vessel temperatures during hypothetical
heatup accidents initiated by loss of forced circulation (LOFC) of the
primary coolant. Results are also presented for sequences in which the
LOFC accident is further complicated by concomitant loss of steam gen-
erator cooling and/or loss of primary coolant pressurization. The peak
vessel and core temperatures for these accidents are typically reached
during the first 24 h after accident initiation. Results are presented
in Section 3 for a variety of sequences, and sensitivity to Important
input parameters is discussed.

The second computer code is presented in Section 4. This code has
simplified core and reactor vessel heat transfer models, but detailed
thermal models of the reactor vessel cavity, liner, concrete wall, and
surrounding earth (or bedrock). The code is programmed to calculate the
peak fuel, reactor vessel and reactor cavity temperatures that would
occur if the worst case heat-up accidents considered In Sections 2 and 3
were further complicated by the loss of the reactor cavity cooling
system. Such accident sequences are very unlikely due to the passive
coolly features of the cavity cooling system and due to the extremely
long times Involved In such heatupa (typically 2 weeks to 6 months).
Results are discussed in Section 5.

Tentative conclusions with respect to basic safety features cf the
modular HTGR are briefly considered in Section 6.

2. MODEL FOR HEATUP AFTER LOFC

The reference model used for the pebble bed core and graphite block
side reflector la a two-dimensional (R-Z) representation that includes
both radial and axial conduction. Convection cooling by the primary
system helium is assumed to occur in the pebble bed core but not in the
reflector. In the nodal structure each axial segment has 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 aodel usad for
sensitivity studies, six radial nodes were used for the pebble bed core.



There are ten axial segments. The radial core flow distribution is
assumed to be uniform, and the total flow (if nonzero) is always assumed
to be in the normal (upward) direction. A capability for modeling
reverse (downward) flows would be useful only for simulating cases where
slow leaks occurred near the bottom of the pressure vessel. The con-
vection cooling model uses an exponential approach algorithm for computing
coolant gas temperature, which permits representation of very low flows.
The model of the graphite top reflector calculates internal corrective
heat transfer from the primary coolant and radiative heat exchange with
the top surface of the core. No model is currently Included for the
bottom reflector.

Trie core pebble bed and reactor design features were assumed to be
those of a recent GA Technologies (GAT) plant as of January 1984, with
primary system characteristics as shown In Table 1. Physical property
data and correlations were taken, where possible, from AVR information
and other current sources applicable to pebble bed technology. Helium
convection heat transfer uses the Jeschar correlation;1 pebble bed core
effective conductivity, which accounts for radiant heat transfer, is
derived from Breitbach and Barthels;2 core specific heat uses a corre-
lation by Peter sen;3 and the after heat curve is from a KFA correlation. **
Other physical property data* such as those for helium, were taken from
FSV reactor sources. Data published by GAT5 was used for side reflector
thermal conductivity, with higher thermal conductivity assigned to the
relatively unirradiated outer 50 cm of the 100 cm thick reflector. A
fuel failure model is included which calculates failure fractions that
are dependent on the time that the fuel spends at a given temperature.
Based on a model by D. T. Goodin of GAT, it was derived primarily for
the large prismatic-fuel cores and higher temperatures.6

The temperature of the core barrel and reactor vessel is calculated
for each of 10 axial regions that correspond to the 10 axial regions
utilized by the core model. The 2.54-cm-thick (1-in.) core barrel is in
contact with, and receives heat by, conduction from the outer reflector
of the core. (Some designs provide an approximately 1 cm gap between
side reflector and core barrel; the thermal resistance of such a gap is
not included in the present model.) The core barrel is cooled by radi-
ant heat transfer to the reactor vessel and by convective transfer to
the coolant. The reactor vessel is heated by radiant heat transfer from
the core barrel and convective heat transfer from tha coolant and is
cooled by radiation and convection to the reactor vessel cavity. The
surface of the cavity is assumed to be maintained at 150°C (30Q°F) to
represent the condition of the cavity cooling system operating in the
passive mode.

A steam generator model is provided to complete the calculation of
primary coolant temperatures throughout the primary coolant system. The
present steam generator model is very rudimentary tut is equipped with
two modes to allow the simulation of either continued feedwater flow or
the loss of all feedwater flow. For the mode that simulates continued
feedwater flow, the heliu.1 is assumed to exchange heat with metal tubes
that are at a single uniform temperature. The metal temperature is an



input parameter and is assumed to be maintained constant by the continued
flow of feedwater. The mode that simulates the loss of feedwater treats
the steam generator tube metal as a passive heat sink that exchanges
heat with the Incoming helium. Immediately afttir the loss of feedwater,
the program uses a temporary heat removal term 1:0 simulate the boiloff
of the initial water inventory.

After the loop temperatures are calculated, the reactor vessel
pressure can. be calculated if the total coolant mass is known. For
cases not Involving depressurlzation, the total mass of helium in the
primary system remains constant at its initial value throughtout the
transient. Therefore the vessel pressure is a function of the volume-
weighted Inverse absolute temperatures throughout the primary coolant
loop. ?or transients involving depressurization, the current model
bypasses the pressure calculation and accepts an input pressure vs time
profile.

The natural circulation flow rate of helium during an LOFC accident
depends on the driving head caused by the helium density differences
around the loop and on the total pressure drop due to the temperature
differences in the primary coolant flow circuit. Since all coolant
within the vessel is at essentially the same pressure, the density
differences are due to temperature differences In the primary coolant
flow circuit. A total unrecoverable pressure drop of 0.137 MPa (20 psi)
at full power was used for the helium circuit. To relate this known
total pressure drop to the unknown total pressure drop at reduced flows,
the "smooth pipe" assumption was employed: the friction factor is
proportional to the -0.2 power of Reynolds numbex (or mass flow). The
use of the "smooth pipe" frietion factor is5 la this case, probably
conservative for flow reduction into the laminar range. The pebble bed
friction factor is known to vary with the 0.1 power of flow in the
turbulent range; future Investigation Is planned to examine other com-
ponent pressure drops Individually (including the idle helium circu-
lators, which are assumed In the present analysis to have neglegible
flow resistance) to determine the actual, variation of the composite
friction factor.

3. RESULTS: LOFC ACCIDENTS

Several variations of the worst-case LOFC accidents were run. The
most extreme case is a reactor .scram followed by simultaneous loss of
primary system pressure and LOFC, along with a loss of feedwater cooling
to the steam generators (Fig. 2). In this cs^e the maximum fuel temperature
reached 1549°C (2821°F) at 21 h from the start of the transient. Maximum
pressure vessel temperatures were <315'C (600°F). Average steam generator
tube metal temperature peaked at ^704°C (1300*7) within the first hour.
The steam generator tubes at the top (primary coolant inlet) end would
reach higher temperatures because they are the first to be exposed to
the hot helium drafting upward from the core I peak coolant temperature
at steam generator inlet - 911'C (1671'F) at 30 h]. The single-node
steam generator model calculates the average tube temperature but pro-
vides no estimate of the temperature of the hottest tubes.



The small amount of primary system natural circulation flow (̂ .05
kg/s or 0.05%) was marginally effective in reducing the maximum fuel
temperatures, as evidenced by the fact that in a run in which the flow
was forced to zero, the maximum fuel temperature reached 1599°C (2911°F)
at 22 h. The time spent at the higher temperatures was also longer for
the no-flow case. The total fuel failure as predicted by the Goodin
model6 was <0.31.

In a second variation, it was assumed that forced circulation was
lost and the system depressurized, but the feedwater to the steam gen-
erators was maintained. This led to a slight reduction in the maximum
fuel temperature by virtue of the slightly increased natural circulation
(0,08 kg/s). Here, the maximum fuel temperature of 1487°C (2708°F)
occurred at 19 h. Naturally, the steam generator temperatures were
reduced considerably, remaining below the normal operating values after
the start of the transient. Maximum pressure vessel temperatures in the
core region were also lower [<253°G (488°F)].

In a third, more realistic case, it was assumed that the system
remained pressurized, with LOFC and loss of feedwater flow to the steam
generators occurring at time zero (Fig. 3). The natural circulation
flows are much larger here (0.7 to 1.0 kg/s), and the core cools rela-
tively rapidly. The maximum fuel temperatures are only about 70°C
greater than the normal operating values. The pressure vessel tempera-
ture does get higher than in the other cases, however, due to the higher
flow rates during the cooldown and reaches 410°C (770°F) 8 h into the
run. The average steam generator tube temperature (approximately equal
to the stesa generator outlet temperature on Fig. 3) reaches a maximum
of 745°C (1373°F) 1.5 h after accident initiation. Tubes at the steam
generator inlet would more closely approach the hotleg outlet tempera-
ture, which peaks at 817eC (1503'F) after 0.5 h.

Calculations were made to test the sensitivity of the results to
model assumptions and input data. The peak fuel temperature after a
depressurized LOFC accident with coincident loss of steam generator
cooling was used to quantify the effect of each change. For example, a
run was made in which the heat transfer from the exterior of the reactor
vessel was arbitrarily held at zero. Since heat loss from the reactor
vessel represents the only mechanism for dacay heat removal in a depres-
surized LOFC without steam generator cooling, one might, at first glance,
expect this to have a great effect on peak fuel temperature. The results
of the calculation contradict this expectation, at least during the 48 h
calculation period: the peak fuel temperature (occurring 24 h after
accident initiation) was only 30°C (54*F) higher for the case without
any heat loss from the reactor vessel. Of course, higher peak fuel
temperatures would eventually be reached without any vessel heat loss,
but this would take longer than two days.

Sensitivity of peak fuel temperature to fuel and reflector theimal
conductivity and to decay heat was also examined for the depressurized
LOFC accident without steam generator cooling. A modified fuel thermal
conductivity Ci-e. thermal conductivity for heat transfer across the bed



of fuel pebbles) correlation vith about 10Z higher conductivity in the
1300 to 150QaC region resulted in an approximately 50°C lower peak fuel
temperature. A modified decay heat correlation with about 10Z lower
decay heat resulted in a 10Q°C reduction in predicted peak fuel tempera-
ture. Finally, the effect of side reflector conductivity was examined
by using older, more conservative data for graphite thermal conductivity
and by not taking advantage of the fact that the outer 50 cm of side
reflector graphite is relatively unirradiated. These changes, which
yield an approximately 50% lower average side reflector thermal con-
ductivity, resulted in the prediction of a 130°C higher fuel tempera-
ture.

4. MODEL FOR DISSIPATION OF DECAY HEAT TO EARTH HEAT SINK

Studies described in the previous sections covered the depressurized
heatup cases where the cooling system for the cavity cooling wall remained
operative, either by forced convection cooling or by passive (boiling)
cooling, following a depressurization and loss-of-forced-convection
accident. This section describes the computer code developed for study
of the longer-term reactor heatup problem that would evolve if the
cavity-wall cooling is lost and if the ultimate heat sink is the earth
surrounding the reactor vessel cavity. Initially, questions were raised
about how good this heat sink would be, since some rough steady state
heat conduction calculations showed that the reactor vessel would have
to reach extremely high temperatures before dissipating as much heat as
was being generated by afterheat. Thus, calculations were In order that
accounted for the large heat capacity of the surrounding earth. Dynamic
solutions to this cylindrical geometry heat conduction problem were
generated using the IBM Continuous System Modeling Program (CSMP) lan-
guage's array integration feature that enabled, with little effort, a
relatively fine-structure solution for the earth temperature history.

The total system model consists of a 2-node approximation of the
reactor Caverage core and average side reflector), 1 node each for the
reactor vessel and cavity concrete wall, and 50 radial (cylindrical-
shell shaped) earth nodes. Ths parameters used for the effective heat
capacity of, and conductance between, the core, side reflector, and
reactor vessel were derived from the more detailed model described in
Sect. 2. Where appropriate, conduction, convection, and radiation heat
transfer are considered between components. 'Modeling of the concrete
liner heatup optionally assumes either no cooling or a limited supply of
passive (boiling water) cooling. The neglecting of axial conduction in
the earth modeling is a conservative approximation. Soil properties
vary quite a bit, depending on the sources of Information and material
assumptions, so a parameter 5tudy was done on these, along with earfh
node sizes, to indicate the sensitivity of the predictions to these
ranges of uncertainties. The outer radius chosen for the earth cylinder
model ranged from 18.3 to 36.6 m for relatively short C500-h) transients
to 107 m for the longer (3000-h to 1000-d) ones, the choice being a
function of how far out the temperature perturbation penetrates. (The
outer shell of the earth cylinder model is assumed to be insulated.)



Since the results of this study differed markedly from the steady state
assumption calculations, special care was taken in checking the indi-
vidual internode heat flows and overall heat balances.

5. RESULTS: DISSIPATION OF DECAY HEAT TO EARTH HEAT SINK

The accident sequence for the results presented in this section is
initiated by a loss of forced primary coolant circulation, complicated
by concomitant loss of steam generator cooling and loss of primary
coolant pressurlzation, and further compounded by the loss of the reactor
cavity cooling. The consequences are discussed in terms of the maximum
reactor vessel and cavity vail temperatures. As demonstrated in Section 3,
the peak fuel temperatures are nearly independent of cavity wall and
earth temperatures since they occur relatively early in the accident
(first ̂ 24 h). In none of the cases of this section was there a secondary
fuel temperature peak approaching in severity the magnitude of the
initial (̂ 24 h) peak.

Figure 4 shows the maximum temperature versus time of the reactor
vessel for the four possible combinations of input assumptions of "low"/
"high" thermal conductivity of the earth and of "low'V'high" reactor
core afterheat generation. The "low" thermal conductivity is 0.9 w/m°C
(0.5 Btu/h-ft-9F). Such a value would be typical for st.one concrete or
dry limestone. The "high" value of earth thermal conductivity is 2.9
w/m°C (1.7 Btu/h-ft-°F); this is based on measurements of the properties
of limestone bedrock encountered during an elisting earth heat removal
experiment at ORNL.7

The "low" afterheat input, based upon a report published by the
KFA, is based on the 1973 ANS standard afterheat curve, but does not
have an allowance for actinides or activation products. The "high"
afterheat is a conservative curve that has been used for HTGR safety
evaluations.8 During the first 1000 h after reactor scram, the "high"
afterheat relationship predicts the release of 65% more thermal energy
than the "low" curve.

The four curves on Fig. 4 show that the consequences of permanent
loss of liner cooling water after the worst-case LOFC accident can range
from mild to severe. Curve 1 ("low" reactor afterheat and "high" earth
thermal conductivity) has a relatively mild consequence since both the
reactor vessel steel and the concrete wall of the vessel cavity could
withstand the 373'C (703*7) peak, reactor vessel temperature. Concrete
wall surface temperature, not shown, remains about 25°C (45°F) below
reactor vessel temperature throughout the accident. Curves 2 ("high"
conductivity and afterheat) and 3 ("low" conductivity and afterheat)
exhibit peak vessel tempertures over 537°C (1000°F) that could bring
about undesireable changes in. reactor vessel steel or cavity wall con-
crete; however, the basic structural integrity of either material would
not be lost. The maximum consequences of the accident responses of
Carves 2 and 3 would result in financial loss instead of a threat to
public safety (financial loss considerations are beyond the scope of
this paper).



The accident response of Curve 4 of Fig. 4 ("high" afterheat, "low"
conductivity) would involve both financial loss and, possibly, compromised
margins of public safety. The peak reactor vessel temperature is 1030°C
(1886°F), and the peak concrete temperature is only several degrees
below this. Such temperatures would cause degradation of both steel and
concrete. The steel would suffer significant loss of strength; if
buckling of the reactor vessel or its supports occurred this would
violate tha fixed-geometry assumption of this analysis. An assessment
of chances of vessel or vessel support failure would require a stress
analysis and possibly more detailed thermal analysis. The behavior of
concrete at 1000'C is very dependent on the composition of the concrete;
however, it would be reasonable to expect some surface crumbling and
release of gaseous degradation products (for example, CO2 and H2O).

6. CONCLUSIONS

The modular HTGR plant appears to have, with respect to safety,
desireable response characteristics following LOFC accidents. Even in
the worst case LOFC with loss of primary coolant pressurlzation and loss
of steam generator cooling, the maximum hot-spot fuel temperature is
limited to the neighborhood of the 1600°C design goal, and the core
average temperature peaks at below 9QQ°C. Fuel damage in this temperature
range should be minor; the resulting release to the environment would be
minimal because the loss of primary coolant occurs before any possible
overheating of the fuel. After the relatively more likely LOFC accidents
without loss of primary coolant pressurization, but with loss of steam
generator cooling, the fuel is heated to only about 70°C above normal
full power values. If steam generator cooling is maintained after a
pressurized LOFC accident, the maximum hot-spot and average fuel tempera-
tures remain below normal full power values. If steam generator cooling
fails early in a pressurized LOFC accident, damage to the steam generator
tubes will result; an assessment of the degree of damage would require a
detailed stress and thermal analysis of the steam generator response
during the accident.

If the worst case LOFC accident must be analyzed for the case of
extended loss of cavity cooling, then the heat dissipation to the sur-
rounding earth must be considered in the analysis. Depending on site
and reactor specific characteristics, the ultimate heat sink provided by
the earth may or may not be sufficient to prevent severe consequences.
The question of whether extended loss of cavity cooling must be con-
sidered in the design basis of modular HTGRs is beyond the scope of this
paper.
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Table 1. 250-MW(t) Modular HTGR Primary System Data

Reactor power, MW(t)
Power density, W/cm3

Heat losses from NSS, MW(t)
Thermal power to NSS from circulators, MH(t)
NSS thermal power, MW(t)
Primary helium pressure, MPa (psia)
Reactor inlet temperature, *C (°F)
Reactor outlet temperavure, °C (°F)
Number of helium circulators
Helium circulator, AP, psi
Gas flow rate, kg/s (lb/h)

250
3.7
3
4
251
6.9 (1000)
255 (491)
687 (1269)
4a

20
111 (881,820)

horizontal, single stage, axial compressor, external drive.



REFERENCES

1 . It, Jaachar, Warmeubergang in MehrkornschuZtungen aus Kugeln, Avchiv
fur das Eisenhuttenwesen, 35, 1964,

2. G. Breitbach and H. Barthels, "The Radiant Heat Transfer in the
High Temperature Reactor Core After Failure of the Af terheat
Removal Systems," Nucl. Technol. 49, 392-99, August 1980.

3. K. Peteraen, The Safety Concept of HTRs with Natural Heat Removal
f?>om the Core in Acaidsnt8} Jul-1872, October 1983.

4. w, Refaa, Unt&pecuhwuj3n ubev die vevzagerte Nachwapemeabfuhp bei
ein&n Kugelhcufen-HcchtempezKctuxveaktar''Kanzept gvo^ev Leiatung ale
Be-Ctrag zu den Moglichksiten der Begrenzung hypotheti3chei> Unfalle,
Jiil-1647, February 1980.

5. R. J. Price and L. A. Beavaa, "Final Report en Graphite Irradiation
Teat OG-3", GA-A14211 (UC-77), GA Technologies, Inc . , January 1977.

6. D. T. Goodin, Accident Performance of HTGR Fuela, GA-A16508, GA
Technologies, Inc. , October 1983.

7. V. C. Mei and S. K. Fisher, A Theoretical and Experimental Analysis
of Bertical Concentric-Tube Ground-Coupled Heat Exchanges, ORNL/CON-
153, Martin Marietta Energy Systems, Inc . , Oak Ridge Natl. Lab.,
October 1984,.

8. R. E. Sund, Afterheat Calculations for HTGR, GA-LTR-4A, GA Tech-
nologies, Inc., July 1974.


