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ABSTRACT 

A method for propagating the uncertainties in the 
prediction of postulated. accident consequences was devised. 
The method uses simplified mathematical models, derived 
from first principles and detailed deterministic computer ' 
model results to describe controlling physical processes 
in the transport of radioactive material from the plant and 
resulting population doses and health effects. These simpli- 
fied models are used in.a computationally efficient 
Carlo error propagation technique. The approach is shown 
to be useful for uncertainty analysis of core heatup 
accidents postulated for the High,Temperature Gas-Cooled, 
Reactor. In combination with accident frequency predictions, 
the method provides the complementary cumulative risk curves 
typically used to present the final results of a risk assess- 
ment study.. 

INTRODUCTION 

One aspect of probabilistic risk assessment methodology for nuclear 
power plants that has been attracting recent attention is uncertainty 
analysis of accident consequences [l-41. The problem considered here is to 
find the probability distributions that describe the uncertainty in estimates 
of: one or more .accident consequence variables which are functions of many 
independent variables whose uncertainty can also be represented by asskgning 
pro:bability distributions. The availability of deterministic methods, such 
as niechanistic accident analysis computer programs, are assumed for point 
estimate predictions of the consequences. .However, these deterministic 
methods do not yield per se simple functional relationships between.the 
consequence variables and input variables in an analytical form suitable 
for statistical analysis, such as Monte Carlo simulation. Long computer 
running time makes impractical ,the direct use of the computer programs in a 
Monte Carlo simulation. 

One possible solution for this problem is the use of surface response 
techniques [1,2]. However, it may be economically prohibitive to generate 
sufficient detailed point estimates with the deterministic computer programs 
to accurately fit a non-linear response surface. This applies particularly 
where multiple accident sequences and many input variables are involved. 



Since the point estimates required to fit a response surface to one conse- 
quence output variable may not be suitable for another consequence output 
variable, additional detailed point estimates are often required. Also, 
since the response surface 'equations may,:.not be based on;:.physical considera- 
tions, the tails of the resultant output distributions may be invalid. Thus, 
a more direct method was developed and applied as described in this paper 
where the fundamental mode1s:are simplified to the extent that thousands of 
Monte Carlo trials can.be run economically. 

The primary advanfages for the use of such an uncertainty analysis in 
probabilistic risk assessment are that it provides: 

. . 

. a.means of determining the uncertainty in the prediction of 
accident consequences in a consistent fashion with the methods 
quantifying uncertainty in predicted accident frequencies; 

. a quantitative probability statement which replaces the 
qualitative notions of conservatism, realism, and pessimism; 

. a method for carrying out sensitivity studies in support of 
design optimization for safety and guidance for safety research. 

In this paper, the unique features of the suggested.method are describ- 
ed followed by a discussion of its application to HTGRaccident consequences. 

METHOD 

The goal of the current method is to derive simultaneous probability 
distributions of one or more accident consequence or output variab.les. The 
consequences ar& dependent on a common set of independent variables. The 
method consists of five steps: 

1. Perform realistic point estimate accident calculations using 
detailed deterministic models. 

2. Select the appropriate consequences or output variables, Ci, 
for which probability distributions are desired. For example, 
the consequence variables may be organ doses, curies released 
to the environment or, public health effects. 

3. Construct simplified consequence models for the.control1ing 
physical phenomena identified in Step I. The functional . 

dependence on the independent variables,' Vn , may differ for 
the various C i' ' ci = fi (V,, v2, ... Vn) 

4 .  Develop probability :distributions for the independent variables 
on which.the simplified models are based.. These can be 
specified parametrically or in tables of percentiles. 



5 .  Perform Monte Carlo samplings of the independent variable 
distributions developed in Step 4 to determine the uncertainty 
distributions of the consequence variables, ,Ci, as calculated 
by the simplified models., 

Step 3 encompases the unique aspects of this scheme. Whereas, in 
principle, the functions fi could be detailed deterministic models used to 
generate point estimates of accident consequences, computer expense general- 
ly prohibits this approach. The present approach recognizes that the 
deterministic models and results can be exahined to extract information on 
the controlling physical phenomena and mathematical form of the output. 
This is unlike response surface methods which employ non-linear multivariate 
regression analysis in place of the deterministic models. The greater 
transfer of information from the detailed models in the current method means 
that fewer deterministic point estimates are required than in response sur- 
face methods. Moreover, point estimates of just portions of the detailed 
calculations can be compared with intermediate results of the simplified 
models. This further reduces the requirements for detailed calculations in 
order to construct the functions fi. Thus, the unique nature of the present 
method is the use of closed form equations derived from physical laws, which 
approximate the detailed model output. 

Consequence assessments of nuclear power plants involve the simulation 
of time-dependent. transport and decay of radionuclides through plant bar- 
iers and subsequent environmental dose response.. For a time interval to to 
t during a postulated accident sequence, the integrated activity release is 
given by 

Qa = YcYpqp,o (1) 

B 
where 

yc,y are the leak rates from. the containment and primary coolant 
boundary, respectively 

A = Ad + y and B = A d  + Ac + in which Ad,Ac are the radioactive . 
decay and containment cleanup rate,, respectively 

are the activities in the primary coolant and containment at 
q ~ * 0 3 q ~ * ~  tiae to, 

The foregoing equation expresses the fission product rblease of a 
single nuclide to the atmosphere in a time period in which the variables 
such as removal rates (A) and leak rates (y) remain constant. As these 
variables may be time-dependent due to physical phenomena occurring during 
the course of the postulated accident, the integration in practice is 
broken up into time intervals over which the leakage and removal rates 
may be 'taken as constants. , 



If j is a subscript denoting each of the radionuclides considered and 
k'],is a subscript denoting each of the time intervals, the total integrated 
release to the atmosphere for each nuclide is (Q )k. Personnel 
exposure doses D are then given by k a, j 

i 

where C is related to atmospheric dispersion and breathing rate, and E 
is the iose f urie conversion factor for nuclide j . j ,i 

The consequence variables defined under Step 2 can be the organ doses 
Di, the curies released Qa or other measures of accident consequences , j deemed appropriate. Equattons 1 and 2 illustrate the forms of possible 
consequence variables Ci used.for Step 3. The solution equations are 
programmed into a computer subroutine. A computer program named STADIC [5] 
is employed to'perform the Monte Carlo simulation described in Step 5 above. 
Cumulative probability distributions of the defined independent variables 
are specified as input to the program. The variables 'to which the conse- 
quence outputs are insensitive.are in effect treated as constants. The 
STADIC program provides for the user-supplied FORTRAN subroutine representing 
the simplified. consequence models to determi~~e the C5.. When the desired 
number of samples is obtained, the output routine ca~lculates percentiles 
of the uncertainty distribution of each consequence variable Ci along with 
the distribution mean and the standard deviation. Since the dependent 
variables, Ci, are. calculated simultaneously in STADIC, correlations in 
their' uncertainty distributions are auto&tically accounted for. 

APPLICATION TO HTGR RISK ASSESSMENT 

The Monte Carlo method described above has been applied to uncertainty 
analyses of High Temperature Gas-Cooled Reactor (HTGR) accident consequences 
[6 ,7] .  Illustrated here is the analysis of HTGR core heatup accidents, which 
are initiated by a postulated loss of forced primary coolant circulation. In 
the HTGR these events are characterized by long thermal response times, on 
the order of days, due to the large heat capacity of the graphite core and 
prestressed concrete reactor vessel (PCRV). Simplified consequence models 
fi(V1,V2,- ... Vn), were derived for five dominate core heatup scenarios. 
These were considered representative of the more than 50 core heatup sequences, 
with frequencies above 10'9/reactor-year, identdf ied in a comprehensive 
probabilistic risk assessment for HTGRs [ 6 ] .  

The deterministic computer programs..indicated that the radiological 
doses and health effects of postulated HTGR core heatup accidents is con- 
trolled by just twelve radionuclides. The physical phenomena governing 
the release of these radionuclides was found to be scenario dependent. 
When the containment remains intact throughout the accident, the release is 
governed by the containment leak rate and transport time allowing decay of 
noble gases released to the containment. In'core heatup scenarios with 
containment failure, the release is controlled by (1) the time of contain- 
ment failure and its subsequent leak rate; (2) the amount of radionuclide 



release from the PCRV after containment failure, if any; and (3) the extent 
to which condensible nuclides are removed from the containment atmosphere 
due to filtered removal, plateout, fallout, etc. Figure 1 depicts the 
phenomena and variables and inte~elati.onship. considered by the system of. 
equations developed for the consequence 'functions in the STADIC code sub- 
routine. Fifteen independent variables were identified as being adequate 
and probability dhtributions were assigned to each on its own merit, 
including parametric and non-parametric distributions. The time intervals 
in which removal constants and leak rates were kept constant were defined 
by the radionuclide core release time, start, or failure time of the 
containment, and an arbitrary endpoint (thirty days). 

Three inhalation doses (thyroid, lung, an.d bone) along with whole body 
gainma external exposure were evaluated at 2.5  km for a representative U.S. 
site using the 12 nuclides of importance. 'Since the magnitude of prgan' 
doses encountered fall in the range where no acute illnesses or fatalities 
are likely, these were combined based on their relative contributions to 
latent health effects. The combine!. dose, termed "health effects dose, D~," 
is such that 1 health effects rem equals 0.13 latent cancer fatalities and 
is appropriate for latent health effects only. 

Figure 2 compares the probability distributions of an intermediate 
consequence output variable ..(C1 = containment failure time), for ' the rele- 
vant core heatup scenarios as predicted by STADIC. During a postulatedcore 
heatup, the HTGR containment may fail as a result of the burning of flammable 
gases produced .as the PCRV concrete is decomposed. Figure 3 presents .the 
conditional complimentary distribution of organ doses given the occurrence 
of an HTGR core heatup with containment failure by gas accumulation. 

-9' Each core heatup sequence with a frequency greater than 10 /reactor- 
year can be asslgned to a release category represented by one of the domin- 
ant scenarios. By combining the cumulative probability distributions with 
the release category occurrence frequencies , release category risk' curves 
are derived. The overall HTGR core heatup rtsk assessment curve is pre- 
senfed in Figure 4. 

CONCLUSION 

Primary advantages of the presented meth0.d appear to be flexibility 
and economy. Experience has shown that a much better understanding and 
cross check of the physical phenomena is afforded by use of the method in 
concert with the detailed deterministic computer programs. Application to 
HTGR accident consequences has facilitated a clearer perception of risk by 
quantifying risk envelopes of dominant accident sequences and combining 
these in the overall risk envelope [ 6 ] .  Use has.been made to evaluate the 
effect of containment design options on the'overall risk envelope [7]. 
Future-use to quantify the relative influence of ,input variables for HTGR 
safety research guidance is anticipated. 
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Fig. 3. Complementary cumulative distribution of doses at 2.5Krn given 
occurrence of core heatup with containment failure by gas. accumulation 
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