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Abstract 

 
An estimation of reliability of passive system for the probabilistic safety assessment (PSA) of a very 
high temperature reactor (VHTR) is under development in Korea. The essential approach of this 
estimation is to measure the uncertainty of the system performance under a specific accident 
condition. The uncertainty propagation approach according to the simulation of phenomenological 
models (computer codes) is adopted as a typical method to estimate the uncertainty for this purpose. 
This presentation introduced the uncertainty propagation and discussed the related issues focusing on 
the propagation object and its surrogates. To achieve a sufficient level of depth of uncertainty results, 
the applicability of the propagation should be carefully reviewed. For an example study, Latin-
hypercube sampling (LHS) method as a direct propagation was tested for a specific accident sequence 
of VHTR. The presentation discussed the obtained insights (benefit and weakness) to apply an 
estimation of reliability of passive system. 
  
Keywords: Reliability of passive systems, uncertainty analysis, uncertainty propagation, probabilistic 
safety assessment. 

 
1.  Introduction 
 
The Reliability of Passive Systems (RoPS) is not only a safety issue to evaluate the safety performance 
of Very High Temperature Reactor (VHTR) but also a major issue to perform a VHTR’s PSA (Chang, 
2007). The typical methodologies of RoPS are related with the uncertainty evaluation of the system 
performance. In order to obtain a useful result of RoPS under the viewpoint of PSA, analyzers should 
carefully understand the features (strength and weakness) of the uncertainty evaluation approaches 
with an adequate level of depth and evaluate the uncertainty of the system performance. 
 
The essential approach of this estimation is to measure the uncertainty of the system performance 
under a specific accident condition. The uncertainty propagation approach according to the simulation 
of phenomenological models (computer codes) is adopted as a typical method, not the experiences to 
estimate the uncertainty of the system performance. There are a few of well-known issues on the 
typical uncertainty propagation on simulation methods by using computer programs for the safety 
analysis. To achieve a sufficient level of depth of uncertainty results, the applicability of the 
propagation should be carefully reviewed. 
 
This presentation introduced the uncertainty propagation and discussed the related issues focusing on 
the propagation object and its surrogates. For an example study, Latin-hypercube sampling (LHS) 
method as a direct propagation was tested for a specific accident sequence of VHTR. The presentation 
discussed the obtained insights (benefit and weakness) to apply an estimation of reliability of passive 
system. 
 
2.  Uncertainty evaluation approaches for PSA 
 
The typical RoPS procedures consist of the following five essential parts (Fig. 1): 

 Identification of the system 
 Characterization of the system functional requirements 
 Evaluation of the system performance 
 Estimation of the system reliability 
 Modeling of the system 
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Fig. 1. A typical RoPS procedure for VHTR’s PSA (Han, 2010) 
 
A main concerning of this presentation is to evaluate the system operational performance, i.e., the 
uncertainty evaluation. Although there are many subsidiary issues on the uncertainty evaluation, the 
essential aspects are related with the uncertainty evaluation approaches, i.e., uncertainty propagation.  
 
2.1  Uncertainty Propagation 
 
The uncertainty propagation approaches are originated from the error propagation, as a well-known 
technique (Fig. 2). In the uncertainty propagation, the error sources in input variables are replaced into 
the uncertainty of input variables. The basic assumption on this approach is that the complete 
uncertainty as a representative result could be achieved by the experimental propagation according to 
the perturbation of the uncertainties of input variables.  
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Fig. 2. A schematic diagram of the uncertainty propagation approach 



 NEA/CSNI/R(2012)2 

543 
 

 
The basic features of the uncertainty propagation approaches are divided into three parts: 

• Generation of input uncertainties 
• Propagation 
• Interpretation of output uncertainty 

Essential features and operation of the subsidiary processes of the uncertainty propagation are 
summarized as Table 1. 
 

Table 2. Essential features of subsidiary processes of the uncertainty propagation approach 
# Process Features Operation 
1 Individual measures Individual identities of uncertainty Measurement of uncertainty 
2 Individual variables Model parameters Replace/substitute individual measures 
3 Uncertainty assignment Estimation of uncertainty distribution Mapping of uncertainty of individual measures 
4 Propagation Propagation approaches Sampling of individual variables and propagation on object 
5 Output measurement Output identities Selection of representative output identities 
6 Output interpretation Interpretation of anticipated (desired) variables Interpretation of uncertainty 
 
2.2  Issues on Uncertainty Propagation 
 
The usefulness of the uncertainty propagation approaches is essentially ranked on the degree of their 
acceptability from engaging stakeholders in safety decision making. In nuclear engineering as a 
narrow sense, the engagement of stakeholders could be simplified as the relationship between 
designers and regulators. If the stakeholders accept that the uncertainty could be quantified by the 
propagation approach as description in the basic assumption, the remaining issues on the propagation 
approaches may be considered as follows.  

• Generation of input uncertainties 
– Substitution of individual measurable identities into individual variables on the object 

or surrogate’s model 
– Measurement of uncertainty of individual identities and mapping of uncertainty on 

individual variables 
• Propagation 

– Surrogates of object 
• Experimental object (system itself/experimental mockup) 
• Phenomenological model (simulation computer code) 
• Response surface model (RSM)  

– Propagation approaches (sampling methods of input variables) are classified by its 
strategy 

• Direct propagation 
• Indirect propagation 

• Interpretation of output uncertainty 
– Selection of representative output variables on the object (or surrogate’s model) 
– Compression of dynamic aspects on output variables to treat their probabilistic nature 

according to the required interpretation 
 
As describing in Introduction, the issues on the generation of inputs uncertainties6 and the 
interpretation of output uncertainty are out-of-scope. The main concern of this presentation only 
focuses on the issues of the propagation. Especially, the objects of propagation as RoPS are also 
substituted by the mathematical models or computer programs, not the objects themselves. There is 
some doubt that the results from the surrogate could be a representative results of the uncertainty of 
the considering object. This is about the creditability of the choose models that constructs the degree 
of belief for the uncertainty. The best solution of uncertainty propagation is to use the experimental 
object but it has a limitation of experiences to infer the uncertainty because of engineering practices. 

                                                      
6 The first critical point of view is that the errors could be considered as the uncertainty. This is related 
with the confidence of the assigned uncertainties in input variables. 
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The well-known techniques of the uncertainty propagation by simulation are classified as direct and 
indirect propagation. The indirect methods adopt a surrogate model to replace the simulation results. 
The issue on the selection between direct and indirect propagation is related to the interpretation of 
output uncertainty. It is noted that the safety performance is generally interested in the success aspect, 
i.e., the reliability of the considering system, whereas PSA is interested in the failure aspect, reversely. 
The differences of each assessment may be enlarged to choose the applying techniques.  
 
As a typical propagation method to obtain an uncertainty distribution for the failure aspect, direct 
methods require so many simulations to obtain an appropriate uncertainty result. This is due to that the 
expected probability of the RoPS in a considering system is too low to apply the direct methods. To 
perform a large number of simulations is an unrealistic situation in engineering practices. Indirect 
simulations as realistically available methods have a fundamental weakness, i.e., the incompleteness of 
model according to adopt a surrogate to replace the original object.  
 
The awkwardness of indirect methods is the absence of evidences in the outer boundary of the 
estimated probabilistic distribution. Most of all, the deviation from experimental evidences according 
to using the simulation approaches maybe disturb the acquirement of the knowledge of uncertainty to 
do a realistic engineering decision. Because passive safety systems adopted in innovative reactors may 
be anticipated as extremely high reliable, the uncertainty evaluation by using indirect methods should 
be carefully choose and applied under the understanding of its weakness due to the incompleteness of 
model.  
 
The issues of the surrogates as an indirect method are that they are able to replace the original object 
with a sufficient level of depth. For the applicability of surrogates, the analyzers should show how to 
well replace the object. The starting point to show the applicability is to understand the characteristics 
of the propagation surrogates.  
 
2.3  Characteristics of Propagation Surrogates 
 
Mainly considering characteristics of surrogates are as follows: 

• Biasness in output 
• Enhancement of uncertainty 
• Reduction of uncertainty  
• Non-linear aspects  

Some comments on the aforementioned characteristics are summarised in Table 3. 
 

Table 3. Characteristics of propagation surrogates 

Characteristic Issue Remark 

Biasness in output Conservatism in the 
phenomenological safety analysis Recommendation of using a best-estimated (unbiased) analysis  

Enhancement of 
uncertainty 

Steepness (Sensitivity)  Accumulation of residuals (uncertain variables vs. sensitivity variables) 

Instability of 
object 

Divergence Typically, instability is eliminated in modelling, but the instability in the 
object should be carefully assessed.  Oscillation 

Reduction of uncertainty  Filtering effect against input 
perturbation  

Usually mathematical models have a filtering effect.  
Water reserve system (real phenomena) 
Averaging techniques in modelling (mathematical formula) 

Non-linear aspects  

Change of material phase  Water/steam 
Melting structure 

Rapid chemical reactions Hydrogen explosion 
Fire 

Change of system configurations  Water injection 
Valves operation (steam dump) 

Logical methods pertaining to 
phenomenological models Selection of models or correlations to model phenomenology 
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It should be assessed that the considering surrogate has a managing capability against the 
aforementioned characteristics of propagation. For the biasness in output, it is believed that the bias in 
safety analysis is mainly due to conservative approaches in the phenomenological models, so it is 
recommended that a best-estimated analysis as an unbiased approach should be applied in safety 
analysis. For the enhancement of uncertainty, most engineering objects are designed to remove their 
instability although there is a little approach to the instability of object itself. The steepness in the 
behavior of the object could be controlled by an assessment of the sensitivity. It is noted that highly 
sensitive input variables are not always the uncertainty variables, so the sensitive variables should be 
carefully assessed for the potentialities of uncertainty variables. There are little effective approaches to 
the non-linear aspects on the object, but they should be carefully assessed because they would 
interrupt an effective way of the interpretation of the uncertainty output.  
 
First of all, to emphasize in this presentation is the reduction of uncertainty. This effect is able to be 
explained as a filtering effect against input perturbation. The concern of this effect is that it is able to 
make an underestimation of the regarded uncertainty because this effect independently of the object 
itself is able to be imposed in the mathematical formula in the examples of Table 3. Usually 
mathematical models have some degree of filtering effect because the typical mathematical model 
considers its stability for the practicality. This effect is able to be enhanced in surrogates such as 
response surface models rather than phenomenological models. If a response surface model is 
considered as a propagation surrogate, it is necessary to assess the filtering effect on surrogate. 
However, this effect on surrogate is generally unknown to us. Especially, there is some doubt that the 
obtained result to failure aspects of propagation by a surrogate is meaningful, because the estimated 
failure probability distribution for a highly reliable system is able to be located in outer boundary of 
propagation results to generate a surrogate model. For this case, the evidences of the surrogate lack to 
show its applicability. As considering this effect, it is required the accumulation of case studies to 
obtain the applicability of the surrogate model.   
 
To apply the uncertainty propagation approaches to an uncertainty evaluation, the aforementioned 
characteristics of the considering propagation surrogates should be carefully assessed. This 
presentation discussed the aforementioned issues by using an example study.  
 
3.  Example study 
 
3.1  Application Example 
 
A reactor cavity cooling system (RCCS) for a VHTR developed by KAERI was considered for an 
example study (Chang et al., 2007, Han, 2010). The conceptual diagram of RCCS is shown in Fig. 3. 
This is an air-cooled type passive system that has no active components for its operation. It is noted 
that this example provides a provisional results since the considered system is under a pre-conceptual 
design stage, but it provides sufficient insights to discuss the aforementioned propagation issues.  
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Fig. 3. A conceptual diagram of the RCCS of the Korean VHTR 

 
The considered VHTR is a block type reactor core with 200MW thermal power and 450°C - 950°C 
core-inlet and outlet temperature. The basic features and design parameters of this reactor system are 
summarized in Table 4 (Han, 2010). 
 
The considering accident sequence is a low pressure conduction cooling (LPCC) accident that is 
considered as a design basis accident for the safety design of VHTR. This sequence is due to a large 
failure of the pressure boundary of the reactor system such as a guillotine break of coolant pipe lines.  
 

Table 4. Major design parameters of PMR200 
Design parameters Unit Design values 
Thermal power  MWth 200 
Coolant inlet temperature  °C 490 
Coolant outlet temperature  °C 950 
Nominal coolant flow rate  kg/s 83.7 
Number of fuel columns   66 
Number of fuel blocks per column  6 
Total number of fuel blocks  66 x 6 = 396 
Active core height  m 4.758 
Nominal linear heat generation rate  kW/m 3.122 
Top/bottom reflector height  cm 135 
Total core height  cm 745.8 
UO2 enrichment  w/o 15.5 
Kernel diameter  cm 0.035 
TRISO diameter  cm 0.077 
RCCS inlet air temperature  °C 43 
 
The GAMMA code, which is an integrated safety analysis code developed by KAERI for VHTRs, has 
been used for the evaluation of the system performance of the RCCS in the LPCC accident scenario 
(Lim and No, 2006 and Jun et al., 2009). The first process is to evaluate the nominal aspect on the 
system performance under the given accident condition. The normal analysis result of the LPCC by 
using the GAMMA code is shown in Fig. 4. 



 NEA/CSNI/R(2012)2 

547 
 

0 20 40 60 80 100
1000

1100

1200

1300

1400

1500

 

 

Te
m

pe
ra

tu
re

 (o C
)

Time (hour)

 Fuel Centerline

 
Fig. 4. A transient of maximum TRISO temperature during LPCC 
event at begin-of-cycle (BOC) for PMR 200MWth reactor design 

 
The identification and screening of the input variables is a main process of uncertainty propagation, 
but the details of this estimation process is out-of-scope. This presentation described a brief summary 
of this process. Six parameters (i.e., graphite heat capacity, graphite conductivity, vessel emissivity, 
RCCS tube emissivity, core effective conductivity multiplier and decay heat ratio) were selected as the 
uncertainty related parameters as shown in Table 5 (Jun et al., 2009). After selecting uncertainty 
parameters, the range and distribution type of each selected parameter should be estimated.  
 

Table 5. The selected uncertainty parameters and their ranges 

Uncertainty parameter Unit Nominal 
value* Range** Standard 

Deviation*** 
Distribution 
type Remark 

Graphite heat capacity kJ/kg·K·m3 1.0 0.95 ~ 
1.05 0.025511 Normal Function of temperature & 

pressure 

Graphite conductivity W/(m·K) 1.0 0.8 ~ 1.2 0.102043 Normal Function of temperature 

Vessel emissivity  0.8 0.72 ~ 
0.88 0.040817 Normal  

RCCS tube emissivity  0.8 0.72 ~ 
0.88 0.040817 Normal  

Core effective conductivity 
multiplier   1.0 0.9 ~ 1.1 0.051021  Normal  

Decay heat ratio %/full 
power 1.0 0.95 ~ 

1.05 0.025511 Normal Function of normal reactor 
power 

* The nominal value is a representative value of the GAMMA code lookup table. 
** The range assigned 95% confidence boundary of a normal distribution. 
*** The standard deviation can be estimated by 95.0/|| ZX XRX µσ −=  where 1.9599695.0 =Z , RX  is a range value and Xµ  is 
a nominal value in this table. 
 
It is noted that considering the parameters are related with the phenomena and modelling rather than 
the parameters related to the uncertainty of design, construction and operation. The reasons for this are 
that a primary concern of the safety analysis is the validation and verification of the analysis method.  
 
3.2  Uncertainty Propagation 
 
The MOSAIQUE software is used in the uncertainty propagation by using the GAMMA code, which 
has been developed by KAERI to simulate the uncertainty propagation for large-scale computer 
simulation codes, such as a RELAP code (Lim and Han, 2009). The Latin-hypercube sampling (LHS) 
method using the code simulation with 80 runs was adopted for a direct estimation of the uncertainty 
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distribution (Helton and Davis, 2003). The simulation results by using the GAMMA code for the 
LPCC accident scenario are shown in Fig. 5.  

 
Fig. 5. Propagation results of the GAMMA code by LHS for the LPCC accident scenario 

 
3.3  Applicability of Uncertainty Propagation 
 
For this example, it seems that the propagation surrogate has a sufficient applicability to generate 
uncertainty distribution if the input uncertainties would be adequate to represent the uncertainty of 
input variables.  
 
According to the characteristics of the propagation surrogate, the propagation results in the example 
can be assessed to show its applicability. The propagation results showed that non-linear aspect to 
affect a critical perturbation on the output uncertainty did not appear in the example propagation. Main 
causes of the non-linear effect on system are usually due to the change of system configurations. The 
non-linearity does not appear because RCCS in VHTR does not adopt active components such as 
valves or pumps. For the filtering effect, it seems that the filtering effect is related with the 
phenomenological model (GAMMA code) not a surrogate model itself because this results obtained 
by a direct method, so there is a little difficult to apply the propagation results as a representative 
uncertainty. In the current state, it is regarded that the biasness is not involved in the example. To 
assess the biasness of the example requires a sufficient progress of the development of VHTR, so this 
is out-of-scope of the current presentation. As the brief assessment, this propagation results has a 
sufficient applicability of uncertainty estimation under the representative input uncertainties.  
 
For this example, the uncertainty distribution was estimated by the statistical inference, of which the 
normal distribution of same mean and standard deviation )98.53,55.1405()Pr( NS = was applied in the 
propagation results (Fig. 6).  
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Fig. 6. Cumulative distributions of TRISO peak temperature for the 

LPCC accident scenario 
 
4.  Concluding remarks 
 
This presentation introduced the uncertainty propagation and discussed the related issues focusing on 
the propagation object and its surrogates. To achieve a sufficient level of depth of uncertainty results, 
the applicability of the propagation should be carefully reviewed. For an example study, Latin-
hypercube sampling (LHS) method as a direct propagation was tested for a specific accident sequence 
of VHTR. The obtained insights (benefit and weakness) will be applied in an estimation of reliability 
of passive system for VHTR’s PSA. 
 
References 
 
Chang, J. et al, (2007). A study of a nuclear hydrogen production demonstration plant, Nuclear Engineering and 

Technology, Vol. 39, No. 2, pp.111-122. 
Han, S. and Yang, J., (2010). A quantitative evaluation of reliability of passive systems within probabilistic safety 

assessment framework for VHTR, Annals of Nuclear Energy, Vol. 37 (3), pp. 345-358. 
Lim, H., Han, S.H., (2009). Development of T/H uncertainty analysis S/W MOSAIQUE. Korea-Japan Joint 

Workshop on PSA, KJPSA10, Jeju, Korea.  
Lim, H.S., No, H.C., (2006). GAMMA multidimensional multicomponent mixture analysis to predict air ingress 

phenomena in an HTGR. Nucl. Sci. Eng. 152, 1-11.  
Jun, J.S., et al, (2009). Thermal-fluid analysis of the PMR 200MWth reactor system at the steady state and 

transient conditions. Transactions of the Korean Nuclear Society, Spring Meeting, Jeju, Korea, May 22. 
Helton, J.C., Davis, F.J., (2003). Latin hypercube sampling and the propagation of uncertainty in analyses of 

complex systems. Reliability Engineering and System Safety, 81, 23-69. 

 



NEA/CSNI/R(2012)2 

550 
 

 

 



 NEA/CSNI/R(2012)2 

551 
 

 

 



NEA/CSNI/R(2012)2 

552 
 

 

 



 NEA/CSNI/R(2012)2 

553 
 

 

 



NEA/CSNI/R(2012)2 

554 
 

 

 



 NEA/CSNI/R(2012)2 

555 
 

 

 



NEA/CSNI/R(2012)2 

556 
 

 

 



 NEA/CSNI/R(2012)2 

557 
 

 

 



NEA/CSNI/R(2012)2 

558 
 

 

 



 NEA/CSNI/R(2012)2 

559 
 

 
 
 


