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Abstract 

This paper discusses an approach called Integrated Methodology for Thermal-Hydraulics Uncertainty 

Analysis (IMTHUA) to characterize and integrate a wide range of uncertainties associated with the 

best estimate models and complex system codes used for nuclear power plant safety analyses. 

Examples of applications include complex thermal hydraulic and fire analysis codes. In identifying 

and assessing uncertainties, the proposed methodology treats the complex code as a “white box”, thus 

explicitly treating internal sub-model uncertainties in addition to the uncertainties related to the inputs 

to the code. The methodology accounts for uncertainties related to experimental data used to develop 

such sub-models, and efficiently propagates all uncertainties during best estimate calculations. 

Uncertainties are formally analyzed and probabilistically treated using a Bayesian inference 

framework. This comprehensive approach presents the results in a form usable in most other safety 

analyses such as the probabilistic safety assessment. The code output results are further updated 

through additional Bayesian inference using any available experimental data, for example from 

thermal hydraulic integral test facilities. The approach includes provisions to account for uncertainties 

associated with user-specified options, for example for choices among alternative sub-models, or 

among several different correlations. Complex time-dependent best-estimate calculations are 

computationally intense. The paper presents approaches to minimize computational intensity during 

the uncertainty propagation. Finally, the paper will report effectiveness and practicality of the 

methodology with two applications to a complex thermal-hydraulics system code as well as a complex 

fire simulation code. In case of multiple alternative models, several techniques, including dynamic 

model switching, user-controlled model selection, and model mixing, are discussed. 
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Nomenclature 
CSAU        Code Scaling, Applicability and Uncertainty Evaluation 

ECCS         Emergency Core Cooling System 

GRS Gesellschat Fur Anlagen- und Reaktorsicherheit 

HTC           Heat Transfer Coefficient 

IMTHUA   Integrated Methodology for TH uncertainty analysis 

ITF             Integrated Test Facility 

LBLOCA   Large Break Loss of Coolant Accident 

LOCA       Loss of Coolant Accident 

MCMC      Markov Chain Monte Carlo 

PCT            Peak Clad Temperature        

PIRT          Phenomena Identification and ranking Process 

PWR          Pressurized Water Reactor 

SET            Separate Effect Test 

TH             Thermal-Hydraulics 

UMAE       Uncertainty Analysis Methodology based on Accuracy Extrapolation 

      USNRC      United States Nuclear Regulatory Commission 

1. Introduction

The importance of more comprehensive treatment of uncertainties in complex computational codes 

has been recognized by the technical community and also in regulatory applications. An example is 

USNRC’s ECCS licensing rules that require characterization of uncertainties in the use of best 

estimate computer codes 
2
. An effective uncertainty analysis methodology in complex system models 

requires a comprehensive treatment of many uncertainty sources in its transient behavior. Code 

structure (model) is a crucial source of uncertainty in TH analysis results. The structure refers to such 

model features as the assembly of sub-models and correlations for simulating the various physical 

phenomena, system components for fluid and structural simulation, and cases where multiple sub-

models may be available for code calculations. The model uncertainty is assessed in several of the 

existing TH code uncertainty analysis methodologies. For example, CSAU
3
 uses correction multipliers 

for code assessment and applicability adjustments of the models based on the available models. 

UMAE
4,5

 assesses the models qualitatively to account for code structure model uncertainty. The 

uncertainty approach proposed by GRS
3
 considers the alternative models estimates as the major source 

of model uncertainty. For example, the models for critical heat flux were sampled based on three 

available models (total of three models) based on their applicability and credibility weights. 

Uncertainty expressed probabilistically by using probability density functions is the most prevalent 

formal approach to quantitatively characterize unknowns. Using all available knowledge, including 

data, models, and expert opinion one may formally derive the corresponding uncertainties. In the case 

of TH code uncertainty analysis, this requires a number of qualitative and quantitative steps to 

consider the state of knowledge in the various contexts of interest
6
.  

The approach described in this paper, called IMTHUA, provides a formal way to assess the 

uncertainty of the best estimate TH system code calculations. Code structure in this research is limited 

to physical models with corresponding parameters implemented in the codes to simulate TH 

characteristics of accident scenarios. Numeric-related issues, including numerical resolution, 

2 USNRC (1989), “Best-Estimate Calculations of Emergency Core Cooling System Performance”, USNRC Regulatory Guidance 1.157.  
3 Technical Program Group (1989), “Quantifying Reactor Safety margins: Application of Code Scaling, Applicability, and Uncertainty 

Evaluation Methodology to a Large Break Loss of Coolant Accident,” Technical report NUREG/CR-5249 EG&G Idaho, Inc. 
4 CSNI (1998), “Uncertainty Analysis Study,” NEA-CSNI/R(97)35/V.2-2.1 report 
5 D’Auria F. et al, (1998), “Overview of Uncertainty Issues and Methodologies,” Proceeding ECD/CSNI Seminar on Best Estimate Methods 

in Thermal Hydraulic Analysis, Ankara, 437-458. 
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convergence methods, and styles, are not explicitly assessed as part of the code structure. However 

these issues are part of the IMTHUA methodology for uncertainty assessment, and have been 

addressed implicitly by code output updating step of the IMUTHA methodology for consideration of 

the missing/screened out sources of uncertainties. Figure 1
6,7

 shows the overall steps involved in 

IMUTHA.  

Figure 1: IMTHUA Methodology Flowchart Input-Based Phase Main Steps 

2. Structure of TH codes and Complexities
A key characteristic of the TH systems codes is their complexity. This complexity has its roots in the 

composite structure of these systems consisting of many different elements (or sub-systems) whose 

state inevitably affects the state of the whole system. Its main implication is the dynamic (i.e. variable 

in time) and/or non-linear behavior. Systems with many interdependent elements (such as 

sophisticated modern process systems with multiple feedback loops) exhibit an unpredictable highly 

nonlinear behavior that can sometimes result in sudden output changes following a minor variation in 

the input (i.e., the so-called “butterfly effect”). TH codes are complicated because of their structures’ 

inherent complexity, which is described below: 

 Limited user control over code structure

 Lack of appropriate data and information about the basis of models, sub-models, and actual

variables, such as HTC

 Large number of models and correlations (thousands) involved in the computations

 Dynamic code behavior in which only a small portion of the code models may be active

during each time step, depending on the underlying simulation and system conditions

 Many horizontal and vertical regime phases in the code calculation, with fuzzy borders

between them

6 Pourgol-Mohamad, M., Modarres, M. and Mosleh A., (2009), Integrated Methodology for Thermal Hydraulics Uncertainty Analysis with 

Application, Volume 165/ No. 3/March 2009/ 333-359. 
7 [8] Pourgol-Mohamad M., Mosleh M., Modarres M., (2006), “Treatment of Uncertainties; Output Updating in Complex thermal-hydraulics 
(TH) Computational Codes”, Proceedings of ICONE14 Conference, Miami, FL. 
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 Deficiency in precisely solving field equations for specific configurations due to coarse 

average nodes; for example, choked flow model is called in TH codes calculation when  the 

results of momentum equation calculation is unsatisfactory.  The code calls for a choked flow 

model for velocity calculation and replaces it with the previous calculation.  For better 

resolution, TH codes are recently coupled with CFD codes for the sake of precise calculation 

where needed
8
. 

 

3. Code User Assumptions and Input Deck 

The user input and user options for input preparation have great impact on code model uncertainties. 

User assumptions and decisions in preparing the input deck in how code models (structure) is utilized 

are critical with respect to the quantitative assessment of the code uncertainties. The user has a 

significant influence on the input deck, given the many options for the executable code preparations; 

the user also affects the computation in the various stages of code calculation, some of which are listed 

in Table 1, where user choices influences the overall calculation. 

 

 
Table 1: TH Code Input Deck Preparation and User Options in Model Uncertainty

9
 

 

User Domains Impacts 

System Nodalization 

 

-Node Size 

-Component Selection 

-Node Numbers 

Code Options -Input parameters related to specific system characteristics 

-Input parameters needed for specific system components 

-Specification of initial and boundary conditions 

-Specification of state and transport property data 

-Selection of parameters determining time step size 

-Choice between engineering or alternative models, e.g., critical flow models 

-Efficiency of separators Parameter 

-Two-phase flow characteristics of main coolant pumps 

-Pressure loss coefficient for pipes, pipe connections, valves, etc. 

Code Source Adjustments 

 

-Multipliers (correlation coefficients) 

-Choice between engineering or alternative models, e.g., critical flow models 

in a specific time 

-Numerical scheme 

 

 

4. TH System Code Structure 

All uncertainty sources should ideally be explicitly considered in the analysis; however, this is 

impractical, due to a lack of knowledge and/or limited resources.  These limitations are mainly due to 

access and scarcity of empirical data.  Limitation in data sources is a significant barrier, especially 

with limited field data for studying nuclear facility dynamic (transient) behavior, and causes 

difficulties in quantifying uncertainties in the code structure. In cases where data were obtained from 

scaled-down experimental facilities, the model evaluations rely exclusively on the subjective 

interpretation of the information available at the time of the analysis.  This leads to the conclusion that 

                                                      
8 Aumiller D.L. at el, (2000), “A Coupled Relap5–3D/CFD Methodology with a Proof-of-Principle Calculation” 2000 International RELAP5 

Users Seminar, Jackson Hole, Wyoming. 
9
 Aksan, S.N., at el, (1994), “User Effects on the Transient System Code Calculations”, NEA/CSNI/R(94)35 
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any attempt to address the issue of model uncertainty in a quantitative manner will rely mainly on 

expert judgment. 

 

There are different approaches to modeling code structure uncertainties.  The approach may view the 

structure as a “black box”, with no knowledge of the inner code structure, or as a “white box”, with 

explicit characterization of the internal code structure.  A structural, or “white box” uncertainty 

assessment, allows the user to peek inside the code structure and focusing specifically on the internal 

sub-models and the state of data, information and knowledge that supports the inner structure of the 

code.  The degree of model uncertainty varies among available methodologies, and is treated as a 

weight assignment for the alternative models and correlations in the GRS
10

. Code uncertainty 

assessment is also used in CSAU
3
 and ASTRUM

11
 for treating model uncertainties.  IMTHUA 

considers the code structure shown in Figure 2 by treating the uncertainties associated with code’s 

sub-models and alternatives models, as well as the interaction between them
6
. 
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Figure 2: Code Structure Treated in IMTHUA Methodology for Uncertainty Quantification

13
 

 

Treatment of the code structure uncertainty is shown in Step A of Figure 2. A key objective of the 

proposed method is the quantification of uncertainties due to model form (structure) as well as model 

parameters. In relation to model structure uncertainty, the methodology attempts to explicitly account 

for identifiable sources of structural uncertainty. This is applied both at the sub-model levels and also 

the entire TH code
6
. Input parameter uncertainty quantification is performed via the Maximum 

Entropy and/or and expert judgment methods, depending on the availability and type of information
6
 

(Step B in Figure 2). Hybrid of Input-Based and Output-Based Uncertainty Assessment (Step C in 

Figure 2) uncertainty analysis in IMTHUA is two-step uncertainty quantification. Table 2 lists the 

features of IMTHUA methodology in dealing with different aspects of TH system codes uncertainty. 

 

                                                      
10 Glasaer H. et al., (1988), “NEA-CSNI Report; GRS Analyses for CSNI Uncertainty Methods Study (UMS),” Nuclear Energy Agency–

Committee on the Safety of Nuclear Installations.  
11 Frepolli C., et al., (2004), “Realistic Large Break LOCA Analysis of AP1000 with ASTRUM,” Proc. 6th Int. Conf. Nuclear Thermal 
Hydraulics, Operations and Safety (NUTHOS-6), Nara, Japan. 
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IMTHUA was developed as a comprehensive framework for the assessment of uncertainties in TH 

system code results. Details of the methods and steps of IMTHUA as well as a discussion on some of 

its limitations are provided in reference 6. Key characteristics of IMTHUA are:  

1. Modified PIRT
12

: A modified form of the PIRT process
13

 is proposed. The two-step method 

identifies and ranks phenomena based on their (a) TH influence (using AHP
14

), and (b) 

uncertainty rating based on an expert judgment procedure.  

2. White Box Treatment (Step A in Figure 2): A key objective of the proposed method is the 

quantification of uncertainties due to model form (structure) as well as model parameters. In 

relation to model structure uncertainty, the methodology attempts to explicitly account for 

identifiable sources of structural uncertainty. This is applied both at the sub-model levels and 

also the entire TH code.  

3. Methods for input parameter uncertainty quantification via the Maximum Entropy and/or and 

expert judgment, conditioned on availability and type of information
13

 (Step B in Figure 2). 

Bayesian methods were used to update such uncertainty distributions with new evidence when 

available. The information could be in the form of fully or partially relevant data, expert 

opinions, or qualitative assessments. 

4. The two-step Hybrid of Input-Based and Output-Based Uncertainty Assessment (Step C in 

Figure 2). The first step quantifies code output uncertainties associated with identified 

structural and parametric uncertainties at input and sub-model levels. The second step updates 

this uncertainty distribution with any available integrated experimental data and validation 

information. This “output uncertainty correction” phase (the subject of this paper) is intended 

to at least partially account for code user choices (user effects), numerical approximations, and 

other unknown sources of uncertainties (model and parameter) not considered in the first 

phase. 

5. Efficient uncertainty propagation through the use of modified Wilks’ tolerance limits sampling 

criteria to reduce the number of Monte Carlo iterations for the required accuracy. 

Through assessing and propagating these uncertainties various output values are obtained, an example 

of which is shown in Figure 3 for LOFT Facility's fuel clad temperature. The code was executed 93 

times. The uncertainty range was resulted by propagation of a set of parameter uncertainties and model 

uncertainties as discussed in detail in
 6. 

The fuel clad temperature uncertainty range was benchmarked 

with LOFT LB-1 experiment data. 

                                                      
12

 Pourgol-Mohamad M, Modarres M., Mosleh A. Modified Phenomena Identification and Ranking Table (PIRT) For Uncertainty Analysis, 

Proceedings of 14th International Conference on Nuclear Engineering, July 17-20, 2005, Miami, Florida, USA. 
13

 Pourgol-Mohamad M (2007a), “Integrated Methodology on Thermal Hydraulics Uncertainty Analysis (IMTHUA),” Ph.D Thesis, 

University of Maryland, College Park. 
14 Saaty T.L., “Models, methods, concepts & applications of the analytic hierarchy process,” Kluwer Academic Publishers, Boston 2001. 
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Data 

 
Figure 3:  Input-Based Uncertainty Propagation Results vs. Experimental Data 

Table 2: Features of IMTHUA Methodology  
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5.0 Concluding Remarks 

Structural models have important contributions to the quantified results of TH codes.  This paper 

discusses strategies in structural model uncertainty assessment, along with other sources of 

uncertainty.  The main thrust of the methodology is to efficiently utilize all available types of data to 

identify important sources of uncertainty, and to assess the magnitude of their impact on the 

uncertainty of the TH code output values.  Single sub-model uncertainties, as well as alternative 

models, were treated in code structure.  Depending on the conditions and on the availability of 

information and data, different solutions are proposed for uncertainty assessment of the models.  A 

Bayesian solution was proposed for single and multiple models’ structure uncertainty assessment 

along with mixing, switching, maximization/minimization, and user effect consideration for 

alternative models.  Future work could cover the following areas:  

 A method for systematic separation of aleatory and epistemic uncertainties in the final results.  

 The ability to account for temporal uncertainties, since in some cases uncertainty of physical 

phenomena has magnitude as well as temporal dimensions.  

 Representation of uncertainty in temporal dimensions, i.e., interpreting and representing the 

output uncertainty results correctly for time-variant output parameters. 
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Motivation

We are a PSA research group interested in assessment 
of risks and use of risk information in safety regulations

TH and other mechanistic codes are used in many PSA 
studies (success criteria for safety systems such as 
ECCS, PTS studies, Fire Risks, etc.)

USNRC revised ECCS licensing rules to allow the use of 
best estimate computer code plus uncertainty 

Assessment of uncertainties in PSAs are critical

The approach has been developed in the context of 
applications in risk-informed and other PSA needs and 
applications
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Outline

Scope of Research
Overview on IMTHUA methodology
Complexity and Structure of TH Codes
Multi-Model Uncertainty Analysis

Single Model
Alternative Models

Application of the Methodology to LOFT 
LBLOCA
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Steps Involved 

Input Phase
• Modified PIRT
• Code Models and Parameters
• Inputs and Model Structure Uncertainty 

Quantification
Alternative Models

• Dynamic Model Switching 
• Model Mixing 

Output-Based Bayesian Updating
• Approach
• Data Availability and Treatment

– Model Uncertainty
– Partially Relevant Data
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Scope

Integrated Methodology for TH Uncertainty Analysis 
(IMTHUA) : An Amalgam of Promising Features from 
Existing Methodologies

Use of Most Available Information to Assess 
Uncertainties Related to

Boundary/Initial Conditions

Models, Sub-Models and Corresponding Parameters

Output Updating Using Bayesian Inference
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Aspects of TH Codes Affecting Uncertainties

Limited user control over code structure 
Limited and/or partially relevant data / information about models, 
sub-models, and correlations, such as HTC
Large number of interacting models and correlations (thousands) 
Only a small portion of the code models may be active during 
each time step, depending on the underlying simulation and 
system conditions
Many horizontal and vertical flow regime phases in the code 
calculation, with fuzzy borders between them
Inability to precisely solve field equations for specific 
configurations due to coarse average nodes

• For example, choked flow model is called in TH codes 
calculation when  the results of momentum equation 
calculation is unsatisfactory.  The code calls for a choked 
flow model for velocity calculation and replaces it with the 
previous calculation.  For better resolution, TH codes are 
recently coupled with CFD codes for more accurate 
calculations where needed.

8
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Overall Methodology Overview

Unc. Propagation

TH Code Structure
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Overall Methodology Overview (Cont.)

Treatment of the code structure uncertainty (the White-
Box Approach): Step A. Key objective: Explicit 
quantification of uncertainties due to model form (structure) 
as well as model parameters. 

Applied both at the sub-model levels and also the entire 
TH code (Step C). 

Input parameter uncertainty quantification is performed 
via the Maximum Entropy and/or and expert judgment 
methods, depending on the availability and type of 
information (Step B). 

Hybrid of input-based and output-based uncertainty 
Assessment (Step C) uncertainty analysis: Therefore 
IMTHUA is a two-step uncertainty quantification. 
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Overall Methodology Overview (Cont.)

Modified PIRT: This is a two-step method that identifies 
and ranks phenomena based on their: (a) TH influence 
(using AHP), and (b) Uncertainty ranking based on an 
expert judgment procedure. See: Pourgolmohamad M, Modarres M., Mosleh A. 
Modified Phenomena Identification and Ranking Table (PIRT) For Uncertainty Analysis, Proceedings 
of 14th International Conference on Nuclear Engineering, July 17-20, 2005, Miami, Florida, USA.

Uncertainty propagation through the use of Wilks’
tolerance limits sampling criteria to reduce the number of 
Monte Carlo iterations for the desired accuracy.
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Assessment & Propagation of Uncertainties in 
Models & Parameters

List of Important 
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Mod

Distribution Assignment
-Maximum Entropy (MEA)
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Model Output and Error Uncertainties
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Summary of The Methodology
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Singe Model Uncertainty Treatment

Multiplicative Error

Bias Consideration

Uncertainty Treatment for Code Structure

Rin=

E.g., TRAC natural choking model has an average bias of 1.2
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Accounting for Model Uncertainty
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Multiplicative Error: Approach and 
Assumptions

• The model prediction (output), result of experiment and real value 
of interest have the same sign (all positive or all negative)

• The ratio of real value and experimental results (or data) is a 
random variable with lognormal distribution for which the 
confidence bounds are known (Experimental Accuracy)

• The ratio of real value and model prediction (output) is a random 
variable with lognormal distribution with parameters  to be 
determined

• The ratio of model predictions and results of experiment is a 
function of the two random variables introduced earlier. The 
distribution of this random variable is lognormal and will be used to 
represent the likelihood of data 

• The distribution of real quantity of interest given a model prediction 
will be a lognormal distribution
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Multiplicative Error Model
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Multiplicative Error: Bayesian Posterior

N = M
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Multiplicative Error: Bayesian Posterior (Cont.) 
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Heat Flux Model Updating Using WinBUGS
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Alternative Models Treatments

Dynamic Model Switching (Treatment of 
Switching Time/Condition Uncertainty)

Recommended Code Option

Model Mixing (Treatment by Weighted 
Probability)
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Dynamic Model Switching
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Model Mixing

Inference requires careful assessment 
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LOFT Application Test LB-1 Facility
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Initial Conditions and Scenario Sequence of Time

Scenario Specification
High Power Fuel Assembly
200% Cold Leg Break Test 
Higher Reactor Power  (49.3 MW) and 
Loop Flow 
Inactivated High Pressure Injection
Intact Loop Pumps with Fly Wheel 
Disconnected Fly Wheel at Pump Trip

Measured Code Results
0 0

0.13 0.13
0.63 0.63

Instrument failure 15.5
17.4 14
NA 0
NA NA
24.8 24.8
1170 1050Maximum cladding temperature (°K) 

LOFT Test LB-1 Sequence of Event Timing
Event

Accumulator A injection initiated (s) 
Reflood Tripped On (s) 
HPIS injection initiated (s) 
LPIS injection initiated (s) 

Break initiated (s) 
Reactor scrammed (s) 
Primary-coolant pumps tripped (s)
Pressurizer emptied (s) 



BCN Workshop, 2011

Code Models and Parameters

Choked Flow 2-Phase Model Multiplier
1-Phase model multiplier

Post CHF Heat
Transfer

Gap Conductance Model                  
-

Pressurizer Level Level Controller Card in the Inputdeck

Core Power
              

Power table

Fuel and Cladding Thermal Conductivity

Entrainment Hydraulics Diameters (Hot Leg, Downcomer, etc)

Peaking Factor Radial                        
Axial

Sample 
Distributions
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Uncertainty Propagation-Modified PIRT
LOFT LBLOCA

PCT Scatter
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30

Output Updating
Code/ Test Data

Experiment Da

0

1

2

1040 1060 1080 1100 1120 1140 1160 1180

Experiment Dat

Data Mean SD MC Error 2.50% Median 97.50%
Code 1140.0 35.0 0.4 1071.0 1140.0 1208.0
Experiment 1120.0 70.0 0.8 981.6 1119.0 1256.0
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Concluding Remarks

Utilization of most available data and information to include 
important sources of uncertainty
Structure of models and sub-models important contributor to final 
result
Depending on different conditions and availability of information 
and data different strategies for treating several classes of model 
(code structure) uncertainties proposed
Treatment of cases involving alternative models. 
A Bayesian updating proposed for single model structure 
uncertainty assessment, while other techniques such as mixing, 
switching, maximization /minimization were proposed for 
alternative models.
Output Bayesian updating proposed to account for User Errors, 
Numerical Approximations, Unknown and Not Considered 
Sources of Uncertainties (Screened input and/or Incompleteness)
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