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Abstract – The U.S. Department of Energy (DOE) program to develop the Very 

High Temperature Gas Cooled Reactor (VHTR) with helium coolant is a 

technological cornerstone for advanced applications which further expands to the 

safe use of nuclear energy. The air ingress into the reactor vessel following a VHTR 

depressurization is ranked as important in regard to core safety. In the case of 

depressurized conduction cooldown event (DCC), the first stage of the accident is a 

loss of helium with depressurization. This occurs until atmospheric conditions are 

reached. After depressurization, when pressure in the system equalizes, air enter the 

reactor vessel through the stratified flow. The last stage of air ingress mechanisms 

are molecular diffusion and natural convection of air and helium inside the reactor 

pressure vessel. Reactor graphite components will produce exothermic reactions in 

the presence of oxygen at high temperatures. There is a danger that it may cause a 

loss of core structural integrity via oxidation or surface corrosion. This paper 

focuses on the first stage of DLOFC and analyzes the difficulties connected with 

modeling the depressurization phenomena using CFD tools (Star ccm+). MATLAB 

code was written to model the depressurization phase and compare the results 

obtained from Starccm+. 

 
 
 

I. INTRODUCTION 

 

Interest in the High Temperature Gas 

Cooled Reactors (HTGR) continues today, with the 

advancement of technologies in the United States, 

Japan, China, and South Africa. The goal of the 

ongoing research and further commercialization of 

the results is to obtain high gas temperatures and 

thus more efficient electricity production, coupled 

with the vision of leading to broader applications of 

nuclear energy such as providing industrial process 

heat. 

The VHTR is one of the six reactor 

concepts under evaluation by Gen IV, found by 

Department of Energy (DOE) as the most promising 

design to become the Next Generation Nuclear Plant 

(NGNP). Before such advanced technology can be 

commercialized, concerns underlying its safety and 

system behavior at various accident conditions 

should be resolved. This paper focuses on 

depressurized loss of forced convection (D-LOFC) 

event.  

The United States Nuclear Regulatory 

Commission has identified D-LOFC event in the 

NGNP Phenomena Identification and Ranking 

Tables (PIRTs) and has stated that:  

“The most significant phenomena (those assigned an 

importance rank of “high” with the corresponding 

knowledge level of “low” or “medium”) in the 

thermal-fluids area include primary system heat 
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transport phenomena which impact fuel and 

component temperatures, reactor physics 

phenomena which impact peak fuel temperatures in 

many events, and postulated air ingress accidents 

that, however unlikely, could lead to major core and 

core support damage.” 

 

II. TEST FACILITY 

 

 Design work and scaling analyses were 

successfully performed for the construction of an 

integral High Temperature Test Facility (HTTF) at 

Oregon State University (OSU). The HTTF is a 

reduced scale model of the Modular High 

Temperature Gas Reactor (prototype). The facility is 

capable of operation at 850°C with a maximum 

operating pressure of 0.8 MPa. The nominal working 

fluid is helium although other gases can be used as 

well. The facility does not use nuclear fuel to 

produce power, it is equipped with graphite heater 

rods that produce approximately 2.2 MWth. Graphite 

prismatic block structure in the prototype is replaced 

by ceramic blocks in the test facility to capture 

prototypical temperature profiles The facility is 

configured to simulate a variety of postulated 

depressurized conduction cooldown, pressurized 

conduction cooldown events and normal system 

operation. 

 The HTTF may play an integral role in the 

licensing of MHTGR. This facility will be used to 

model the thermal hydraulics of design basis and 

beyond design basis scenarios, thus providing 

experimental thermal hydraulic data to validate 

computational thermal hydraulic codes. The HTTF 

has been designed to meet certain experimental 

objectives during each phase of a DCC transient, 

they are: the lower plenum temperature profiles 

during exchange flow air-ingress, the effects of the 

lower plenum structures on exchange flow 

phenomena, the rate of air-ingress. By molecular 

diffusion, the time to onset of air natural circulation, 

the radial heat conduction temperature profiles, 

estimation of the thermal radiation heat transfer 

rates, the high temperature loop natural circulation 

flow rates following the air-ingress phase, and the 

effect of flow bypass flow areas on the transient 

behavior. The HTTF is 1:4 scale in height and 

diameter. The HTTF also features a 1:8 pressure 

scale to the MHTGR along with a 1:1 temperature 

scale.  

 

III. PROBLEM STATEMENT 

 

Following a break in the system pressure 

boundary, the system will depressurize releasing the 

helium coolant into the reactor cavity. The reactor 

cavity will nominally be filled with air prior to any 

break. For a large enough break with a high enough 

rate of depressurization, air ingress into the vessel 

may occur.  

There are a number of uncertainties when 

determining the extent and timing of air ingress 

accident in VHTR. One of the questions concerns 

the amount of air movement into the reactor lower 

plenum and core after the system depressurizes to 

confinement pressure. Then another aspect arises: 

reactor components constructed of graphite will, at 

high temperatures produce exothermic reactions in 

the presence of oxygen. There is a danger that it may 

cause a loss of core structural integrity via oxidation 

or surface corrosion.  

Stages of the D-LOFC event: diffusion, 

stratification and natural convection are viable 

mechanisms for investigation of air ingress into the 

system over long time scales. To capture the 

dynamics of the flow shortly after the break 

initiation, and investigate whether air will manage to 

ingress the lower plenum structures, numerical 

analysis was done.  

This work also focuses on the modeling 

approach to depressurization phenomena using 

commercial CFD tool. There is a number of 

challenges concerning effective simulation of such 

complicated, transient process, that will be also 

described in this paper. 

 

IV. CODES REVIEW 

 

Validation of CFD codes such as Ansys Fluent, 

applicability to analyze the air ingress phenomena, 

was an essential part of the work done by Oh et al. 

(2010) [1]. The results obtained from Ansys Fluent 

and experimental data on a lock exchange flow 

(collected by ETH Zurich, Grobelbauser et 

al.(1993)) showed very good agreement for density-

gradient driven air ingress stratified flow (4.8% 

deviation). Oh et al. (2008) also conducted 

preliminary CFD analysis for density-difference 

induced stratified flow accounts for hot gas duct and 

reactor vessel of GT-MHR. Two different codes 

were used in analyzing the whole air-ingress 

scenario: GAMMA and Ansys Fluent 6.3. GAMMA 

is a multidimensional multi-component mixture 

analysis code to predict air ingress phenomena in an 

HTGR. Depressurization and diffusion/natural 

convection stages were solved by the GAMMA code 

(it takes much less CPU time compared with that of 

CFD code) and stratified flow was simulated in 

Fluent (GAMMA does not have turbulence models 

to calculate complicated fluid fields required for  

horizontal stratified flow). Geometry of the analyzed 

system was meshed using GAMBIT software. The 

total number of mesh cells for the reactor and the 
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cavity is 31,232, and they are all hexagonally 

meshed. The solver was set up as segregated, first 

order implicit and unsteady. They adopted a 

noniterative time-advanced scheme that does not 

need the outer iterations (it uses only single outer 

iteration per time-step), which significantly speeds 

up transient simulations. Air and helium were the 

two gas species considered and density calculation 

was made under assumption of incompressible ideal 

gas law. The core and lower plenum were simplified 

to be porous bodies. [2] 

Ferng et al. (2012) also adopted CFD methods to 

simulate air ingress phenomena. He modeled HTR-

10 pebble-bed core. To model the reactor core, Ferng 

assumed porous approach. Very large amount of grid 

cells are needed to model thousands of pebbles in 

the reactor core in realistic manner. The huge 

computational time and cost are not reasonable for 

the CFD work, especially in performing the transient 

simulation. In this study, depressurization period 

was not considered because of its relatively short 

time comparing to the rest of D-LOFC stages. The 

turbulence model used for simulations was k-ε. 

Number of mesh cells in the system was 75,040. The 

result of this work shows that the coolant maximum 

temperature is predicted to increase from 1084 K 

(maximum at normal operation) to 1100 K at 

time=60s after the occurrence of D-LOFC. This is 

the initial increase in order to exothermic oxidation 

reactions. After that  temperature will gradually 

decrease due to the power decay.[3] 

The thermal-hydraulic design for the HTTR 

was carried out by using codes named FLOWNET 

and TEMDIM. FLOWNET flow network analysis 

code, was used to evaluate coolant flow rate and 

temperature distributions. It accounts for all flow 

paths that may affect the fuel temperature, such as 

bypass flow between fuel blocks or horizontal cross 

flows among stacked fuel blocks. The effective 

coolant flow rate calculated in fuel blocks is used as 

an input data for the TEMDIM code. TEMDIM will 

provide fuel temperature distribution with multi-

cylindrical model using hot spot factors. The 

maximum fuel peak temperature obtained by 

TEMDIM at the beginning of the full power 

operation of HTTR is 1398°C. Further analysis 

shows that by using multiple fuel enrichments zones, 

the peak fuel operating temperature can be reduce to 

1216°C while fuel design limit for anticipated 

operational occurrences and fuel temperature limit 

for normal operation are specified at 1600°C and 

1495°C, respectively based on experimental results. 

[4,5] 

The RELAP5 series of codes has been 

developed at the Idaho National Laboratory for over 

25 years under sponsorship of the U. S. Department 

of Energy, the U. S. Nuclear Regulatory 

Commission. Riemke et al. presented version 2.3 of 

the RELAP5-3D code that includes all models 

previously available only in ATHENA version of this 

code. ATHENA was a code developed for Gen IV 

nuclear reactor design and licensing procedures. 

Most of the necessary models for pebble bed fuel 

were implemented in this code such as heat transfer 

and pressure drop correlations for porous media or 

oxidation of graphite in steam and air.[6]  

Davis et al. analyzed the assessment of 

RELAP5-3D code for analysis of VHTR. This work 

focused on validation of pressure loss across pebble 

bed and molecular diffusion models. The results 

obtained via RELAP5-3D and experimental data 

showed very good agreement. Data for molecular 

diffusion were collected from inverted U-tube 

experiments (Hishida and Takeda 1991) while code 

capability to model natural circulation of air through 

pebble bed was investigated using data from 

NACOK facility.[7] Unfortunately it is difficult to 

model the exchange flow phase using RELAP5-3D 

code. It doesn’t contain appropriate correlations for 

gaseous counter current flow. The ways to simulate 

the D-LOFC using this tool are: 

 splitting the pipe model: instead of 

introducing concentric inlet-outlet duct one 

should model two separate pipes with 

single gases: air and helium, 

 addition of new correlations into the system 

code 

 linking the results of exchange flow 

simulation obtained via CFD software with 

RELAP5-3D that wil cover the molecular 

diffusion phase. 

Reasonable work was performed also on 

coupling RELAP5-3D and Fluent to analyze VHTR. 

N. A. Anderson modeled thermal mixing of the 

coolant exiting the core to lower plenum by codes 

coupling. Anderson used RELAP5 VHTR model 

outlet conditions to provide the inlet boundary 

conditions to the FLUENT outlet plenum model. 

This approach allows to safe computational expense 

which would become a problem when only 

FLUENT would be used to model three-dimensional 

effect in lower plenum as a part of entire reactor. [8] 

The need for HTGR analysis tools led to further 

development of MELCOR code (developed at 

Sandia National Laboratories for the U.S. Nuclear 

Regulatory Commission) which original capabilities 

include progression of severe accidents in light-

water reactors. J. R. Corson provided study on new 

input techniques for MELCOR HTGR analysis that 

accounts for:  

 radiation heat transfer model between solid 

surfaces in an HTGR,  
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 fuel and cladding geometric parameters 

calculation for pebble bed /prismatic block-

type HTGR,  

 appropriate input parameters selection. 

Corson applied above methods to input decks 

for RCCS, PBMR and HTTF. RCCS results show 

that MELCOR accurately predicts radiation heat 

transfer rates from the vessel but can over predict 

convective heat transfer rates and RCCS coolant 

flow rates. In case of PBMR, results show that 

thermal striping from hot jets in the lower plenum 

during steady-state operation, and in the upper 

plenum during P-LOFC, may be a major design 

concern. Hot jets might potentially melt control rod 

drive mechanisms or cause thermal stresses in 

plenum structures. HTTF results are reasonable and 

might be used to validate MELCOR for HTGR 

analyses. [9] 

R. Schultz underlines that CFD codes such as 

FLUENT or STAR-CCM+ are an ideal tool for 

simulating mixing and three-dimensional flow in 

system components, whereas a system analysis tool 

such as RELAP5-3D is appropriate for entire system 

models.[10] 

 

V. MATERIALS AND METHODS. 

 

CFD model and simulation was prepared in 

STAR CCM+ 9.0. Geometry was modeled in 

UGS NX 7.5 software. Additional 0-D model 

was prepared in Matlab R2013b. 

 

VI. CFD SIMULATION. 

 

VI.A. Geometry 

 

CFD simulations of entire Nuclear Power 

Plant (NPP) or even entire vessel, requires powerful 

computing servers which are still not commonly 

available. Using available computing power with 

detailed models of system components results in 

very time-consuming simulations. In order to that, 

assumptions concerning simplifications of system 

geometry were made: 

1. Core and Lower Plenum are modeled as porous 

bodies. 

2. No jagged edges at wall structures (lower plenum 

and core are hexagonally shaped).  

3. No instrument controls included. 

3D, full-scale geometry represents the HTTF hot 

duct, vessel (lower plenum, core, upper plenum, 

upcomer, MCSS) and cavity (Fig. 1). Only fluid 

regions were modeled and exported in the form of 

parasolid geometry to STAR CCM+. 

 

 

Fig. 1: CFD model geometry, based on the HTTF 

design. 

 

VI.B. Porous Body Parameters 

 

Internal structure of HTTF is complex for 

CFD simulation. HTTF core itself contains 210 

heater rods channels and over 500 coolant flow 

channels to allow the flow of helium through the 

core. It is also difficult to provide detailed model of  

lower plenum (with 163 support columns), 

especially if the analysis is not limited to the plenum 

model explicitly. Besides, design of channel 

transitions between core, reflectors and lower 

plenum blocks is very sophisticated and introduce 

additional complexity to the CFD modeling. 

Although direct numerical simulations of transport 

phenomena is theoretically possible, it requires 

comprehensive computational resources even for 

simple geometries. 

Thus it was decided to model the core and 

lower plenum according to porous media 

approximation and reduce the number of mesh nodes 

and computational time required to accurately 

simulate the transient. 

In CFD simulations involving porous media 

assumption, the details of the internal flow are not 

the major point of the simulation. The need is to 

properly resolve the macroscopic fluid behavior in 

the modeled domain. This macroscopic model is 

defined using volume based sink term in the 

momentum equation. Pressure drop per unit length is 

introduced with following equation: 

  

 
                 (eq. 1) 

where: v is the superficial velocity through the 

medium and Pi, Pv are internal and viscous 

resistance respectively (determined from 

Inner/Outer duct  

MCSS 

Lower Plenum 

Core 

Upper head 

Cavity 
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experimental data or derived using various empirical 

relationships).[10] 

The main values that should be set for a 

porous region are: porosity and the inertial and 

viscous coefficients required for the porous source 

term definition in the momentum equation. 

Porosity is the volume fraction of fluid in 

the total volume of the modeled structure (fluid and 

solid). Porosities of the core and lower plenum zones 

are respectively: 0.10 and 0.55. 

Porous internal and viscous resistances 

were determined separately for core and lower 

plenum regions. In the core region these parameters 

were introduced only in vertical direction (no cross 

flow is assumed between coolant channels). 

Different approach is established in the lower 

plenum model. Unidirectional flow assumption is 

not valid here, because cross flow is present. Porous 

body parameters are set also for x,z-directions in the 

lower plenum. Estimation of the coefficients in 

vertical direction was made by friction factor curve 

fitting to Moody diagram and then applying the 

equation to the pressure drop correlation: 

     
 

 
     

 

 
     (eq. 2) 

In case of cross flow in the Lower Plenum, friction 

factor data were fitted to Zukauskas diagram for 

staggered tube arrangement. Tab. 1 presents 

summary for the porous body model introduced in 

the simulation.[11]  

 

Tab. 1: Parameters for porous body model 

implementation in CFD pre-processor. 

 

VI.C. Solver Settings and Boundary 

Conditions  

 

HTTF operating pressure and temperature 

are 0.8 MPa and 960 K. System will depressurize to 

atmospheric conditions (set in the cavity: p=1atm, 

T=293 K). At the beginning of the simulation, vessel 

contains 100% helium while cavity stores only air. 

To initiate double ended guillotine break, field 

functions are applied to assign different initial 

conditions for the cavity and vessel parts of the 

system.  

Heat transfer model is not implemented in 

this simulation. It is assumed that heat transfer 

contribution will not have an impact on the system 

response during sufficiently short time scales.  

It is very difficult to reach convergence criteria, 

while modeling the system with significant pressure 

and temperature gradients, thus time step was set to 

1E-5 s and it was gradually increased during the 

simulation up to 1E-3 s. Segregated solver with 

second order temporal discretization was 

implemented. 

Geometry is discretized using following 

meshing models: polyhedral mesher, prism layer 

mesher and surface remesher.  Surface remesher was 

used to retriangulate the surface in order to optimize 

the quality of the volume mesh. The reference length 

for all relative size controls is s set to 0.046 m. Total 

number of grid elements in the fluid domain is 3 465 

785 cells. 

The governing equations are the Reynolds-

averaged continuity, momentum and energy 

equations. Two equation Realizable K-epsilon Two-

Layer model is applied to model turbulence.  

Adiabatic boundary conditions are used for  

majority of walls, with the exception of interfaces 

among regions. For the interfaces among duct, 

vessel, core, lower plenum and cavity, the internal 

interface boundary condition was used.  

 

VII. MATLAB SIMULATION. 

 

The mass conservation equation for the HTGR 

vessel undergoing a depressurization event is given 

by equation: 

 
          

  
           (eq. 3) 

 

where       is the mass flow rate through the break 

and    is the mass flow rate respectively in the 

vessel. 

 

The energy conservation equation for the 

gas in the vessel (neglecting heat transfer 

contribution) is expressed in equation:  

 
          

  
                           

        
  

 

(eq. 4) 

 Core Lower Plenum 

Direction y x,z y x,z 

Data fitting Moody - Moody Zukauskas 

Curve 

fitting 
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where    is gas enthalpy: 

 

               (eq. 5) 
Analogous equations for mass and energy 

conservation can be written for the cavity. 

The specific internal energy and the specific volume 

of the gas inside the control volume are defined 

respectively as follows: 

 

g

g

g

U
e

M
                                                  (eq. 6) 

 

g

g

V
v

M
                                                    (eq. 7) 

 

 The total change in specific internal energy 

of the gas inside the control volume is written in 

terms of partial differentials with respect to pressure 

and specific volume as shown in equation: 

 

     
  

  
        

  

  
                        (eq. 8) 

 

Using ideal gas equation, partial differentials can be 

further written in the following form: 

 

 
  

  
 
   

 
 

    
       (eq. 9) 

 
  

  
 
   

 
 

    
     (eq. 10) 

where    is the ratio of the specific heats and   

refers to specific volume. 

 

Combining mass and energy conservation 

equations for vessel depressurization or cavity 

pressurization, one can arrive with the following 

formulas: 

 

o Vessel depressurization rate equation: 

 

          
  

  
 
          

 
  

  
  

                
  

  
 
 
 
        

    (eq. 11) 

Using ideal gas equation, partial differentials can be 

further written in the following form: 

 

 
  

  
 
   

 
 

    
     (eq. 12) 

 
  

  
 
   

 
 

    
     (eq. 13) 

          
 

    
  

  

  
                

     1 ,          

 (eq. 14) 

 

Further, simplifying for dP: 

    
         

         
       (eq. 15) 

 

Applying forward Euler method (explicit) to 

iterate pressure over time, it is possible to follow the 

pressure changes in the system and extract the time 

when pressures will equalize. Analogous strategy 

can be applied to derive cavity pressurization 

equation. 

All equations and nomenclature used in the 

derivation of the Matlab code, was prepared in 

reference to [13]. 

 

VI. RESULTS 

 

Below figure presents results from Matlab 

code simulation. System pressure equalizes at 

around 1 sec from the beginning of the transient at 

pressure equal to 147 kPa. 

 

 

Fig. 2 Pressure changes in the HTTF vessel (blue 

line) and cavity (green line) from Matlab simulation. 

 

CFD simulation was carried on for about 

1500 hours at 7 parallel processors.  

Results from CFD analysis show that 

pressure equalize after around 0.5 sec at the level of 

193 kPa (see Fig. 3and Fig. 4). Small pressure 

oscillations are present due to multi-dimensional 

effects that occur because of many local low-

amplitude pressure reflections. 
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Fig. 3: Pressure changes in the cavity during 

depressurization stage (CFD). 

 

 

Fig. 4: Pressure changes in the HTTF vessel during 

depressurization stage (CFD). 

Matlab and CFD analyzes, show similar 

trend in the system behavior: very short time scale of 

the event and similar pressure range at the end of the 

stage. Higher pressure in the CFD model results 

from 3D effects and implementation of cross over-

duct (was not taken into account in the Matlab 

model). It is concluded that CFD simulation result in 

more accurate outcome. Residuals reached 10-5 

level of convergence. 

In the CFD analysis, during rapid 

depressurization, shock waves and rarefaction waves 

can be observed (Fig. 5). Significant changes in 

velocity and pressure result in density variations in 

the entire fluid domain. As a consequence one can 

observe large temperature variations. At stagnation 

points the temperature in the domain reached the 

level of 1417 K (Fig. 6). Such thermal shock can be 

destructive for the core ceramic structure. 

 

Fig. 5: Mach number of the fluid domain at 12 ms. 

 

 

Fig. 6: System temperature at 20 ms. 

The amount of air ingress to the HTF vessel 

is very low. Volume average mass fraction of air in 

the HTTF vessel at the end of simulation is equal to 

0.005 while helium amount in the cavity: 0.02. 

After the depressurization stage is 

stabilized, stratified, density driven flow will occur. 

Significant density differences exist between two 

main domains: vessel and cavity and can be seen in 

Fig. 7. 

 

Fig. 7: Density distribution at the end of 

depressurization phase. 

 

Results from the simulation: mass fraction 

distribution of air and helium, temperatures and 

pressure can be applied as a boundary conditions for 

the analysis of subsequent stratified flow stage.  
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VII. CONCLUSIONS 

 

The goal of the analysis was to investigate the 

modeling issues that can arise while introducing 

rapid depressurization phenomena in high 

temperature domain. There is a number of 

difficulties in CFD modeling of such transient 

phenomena in complicated systems. One should 

decide on system simplifications, prepare good 

quality mesh and finally implement appropriate 

simulation settings. All those steps have to be done, 

having in mind the limited computational resources. 

Thus, engineering judgment is needed at each step of 

the model implementation and execution. Additional 

analysis of the possible impact of turbulence model 

or mesh size on the simulation results would be 

recommended to obtain more confidence in the 

simulation outcomes.  
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