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The metastable isotope of technetium-99 (Tc-99m) is an important diagnostic tool 

used in the field of nuclear medicine due to the isotope’s 6.0 hour half-life, 140.5 keV 

γ-decay mechanism, and multiple oxidation states [1,2]. Approximately 70% of the 

world’s nuclear medicine procedures involve the use of Tc-99m [3]. The conventional 

source of Tc-99m comes from the β-decay of molybdenum-99 (Mo-99), an isotope 

which may be produced via the fission of uranium-235 (U-235) atoms [2].  

 

As Mo-99 has a half-life of 2.7 hours [2]; it is difficult to produce anything but short-

term stockpiles of Tc-99m. A handful of geographically dispersed facilities maintain a 

continuous production of Mo-99 via U-235 fission as a means to satisfy the demand of 

nuclear medicine worldwide [4]. However, 96% of all Mo-99 production is 

concentrated among only 4 facilities [4]. This centralized production dynamic has 

been shown to leave the world susceptible to Tc-99m shortages in the event of 

multiple reactor shutdowns [5]. 

 

Oregon State University (OSU) has undertaken a study to investigate the safety of 

implementing a fueled experiment, known as the “molybdenum element,” within the 

OSU TRIGA® reactor (OSTR) for the purpose of producing Mo-99. This study 

investigates both steady-state and select transient conditions within the OSTR core 

with the use of the lumped parameter code RELAP5-3D version 2.4.2. Key thermal 

hydraulic parameters which may impact the safety of the OSTR are identified and 

presented, and discussed herein.  
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A Thermal Hydraulics Analysis of a Molybdenum Production Element for 

Implementation in TRIGA® Reactors 

1 INTRODUCTION 

The metastable isotope of technetium-99 (Tc-99m) is widely employed in the field of 

nuclear medicine; so much so that Tc-99m is used in approximately 70% of the 

world’s nuclear medicine procedures [3]. Due to the relatively short half-life of Tc-

99m (approximately 6.008 hours) along with its 140.5 keV gamma-ray decay 

mechanism, the isotope enables efficient detection and imaging when used in 

conjunction with modern medical diagnostics tools [1,2,6].  This metastable 

technetium isotope is produced by the beta-particle decay of molybdenum-99 (Mo-

99), which has a half-life of 2.7476 days [6]. Due to the relatively short half-lives of 

these two isotopes, it is functionally and economically difficult to create anything but 

short-term stockpiles of Tc-99m; thus continuous production is needed to satisfy the 

demand for the isotope. This demand poses a unique problem to the nuclear medicine 

community. Equation Section (Next) 

 

Oregon State University (OSU) has initiated a program to design a fueled experiment 

intended to serve as a means to produce quantities of Mo-99. The fueled experiment 

designed for this program, dubbed the “molybdenum element,” is of a hollow annular 

design and has an overall length and width which allow for integration into the Oregon 

State TRIGA® (Training, Research, Isotopes, General Atomic) Reactor (OSTR) core. 

The design of the molybdenum element is composed of three main sections, the upper 

fitting, the lower fitting, and the clad-bound fueled region. The element’s upper and 

lower end fittings are formed of aluminum. Within the fueled region of the 

molybdenum element, the interior annular region that comprises a quantity of 200 µm 

diameter uranium oxide (UO2) micro-spheres; the fuel microspheres are contained by 

aluminum cladding which covers the molybdenum element’s interior and exterior 

surface. Oregon State University intends to position up to three of these molybdenum 
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elements within the OSTR core and to perform a “proof-of-concept” on this design 

and technology. 

1.1 Purpose 

A safety analysis pertaining to the placement of molybdenum elements within the 

OSTR is to be completed using RELAP5-3D version 2.4.2, a code developed by the 

Idaho National Laboratory (INL) [7]. This version of RELAP5-3D has been 

previously used to perform safety analyses pertaining to the OSTR during its 2008 fuel 

conversion from highly enriched uranium (HEU) to low enriched uranium (LEU) fuel 

[8,9,10]. The safety analysis relating to the molybdenum element will characterize 

how the element will respond during deployment as a means to determine if that 

response lies within the OSTR’s conservative safety limit and limiting safety system 

setting. Currently, maximum fuel rod temperature is the sole safety limit of the OSTR; 

therefore, the maximum fuel temperature within the molybdenum element is assumed 

to be of significant relevance with regard to the element’s limiting characteristics. 

1.2 Objectives 

The objective of this study is to determine and characterize the thermal hydraulic 

aspects related to the safety of deploying up to three molybdenum elements within the 

OSTR core during normal, full power operations. Limiting thermal hydraulic 

parameters include (1) maximum fuel temperature, (2) maximum cladding 

temperature, and (3) critical heat flux (CHF) ratios during steady-state operation. Each 

of these limiting parameters are quantified, presented, and interpreted. This objective 

is accomplished using RELAP5-3D version 2.4.2 through the completion of the 

following tasks: 

• Development of a model representative of a single molybdenum element within 

the OSTR using the most conservative flow channel geometry possible – the 

OSTR’s B ring “hot channel.”  
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o Task Outcome: This development produced a model that can be used to 

analyze thermal hydraulic parameters for a single molybdenum element 

when subject to a variety of conditions within the OSTR. 

• Employment of the model to analyze the steady-state operation of a single 

molybdenum element within the OSTR using a steady element power input and 

steady-state conditions for the surrounding coolant in the OSTR pool. 

o Task Outcome: This analysis determined and characterized limiting 

thermal hydraulics parameters for the single molybdenum element during 

steady-state operations. 

• Employment of the model to analyze a loss of coolant accident (LOCA) with a 

single molybdenum element within the OSTR to determine limiting thermal 

hydraulics parameters. 

o Task Outcome: This analysis determined and characterized the outcomes 

resulting from varying time windows between a reactor shutdown 

(SCRAM) of the OSTR core and a LOCA. 

• Employment of the model to analyze a channel blockage event within the 

molybdenum element’s inner channel at full power with a single molybdenum 

element within the OSTR to determine limiting thermal hydraulics parameters in 

the event of foreign object placement or boil-off inside the molybdenum element. 

o Task Outcome: This analysis demonstrated and characterized the 

outcomes resulting from the molybdenum element running at full power 

with heat removal taking place only on the molybdenum element’s exterior 

surface via the outer channel. 

 

To summarize, this work characterizes the thermal hydraulic behavior of molybdenum 

elements deployed within the OSTR core during steady-state operations of the OSTR, 

loss of coolant accident (LOCA) scenarios, and flow blockage events. 
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1.3 Document Overview 

This document is organized as follows: 

Chapter 1:  Introduction – An introduction to the study’s focus and the motivation 

behind the work presented. 

 

Chapter 2:  Survey of Literature – A section containing the requisite background 

information needed to frame the study, presented as a survey of 

available literature on several topics including the medical applications 

of technetium-99m, the process of molybdenum production, the 

applications of RELAP5-3D to OSTR modelling, natural circulation, 

and critical heat flux. 

 

Chapter 3:  Oregon State TRIGA® Reactor Description – A thorough description 

of the OSTR with a focus on its potential application as molybdenum 

production facility. 

 

Chapter 4:  RELAP5-3D Description – An overview and discussion relating to the 

RELAP5-3D model developed to meet the objectives of this study. 

 

Chapter 5:  Results and Discussion – A presentation of RELAP5-3D model results 

and a discussion of the observed phenomena. 

 

Chapter 6:  Conclusions – A section containing concluding observations which 

relate to this study and to future work opportunities for improvement of 

applied methods and for opportunities to extend the applicability of 

predicted characteristics. 

 

This document concludes with lists of referenced works, nomenclature and symbols, 

and appendices with additional details not contained within the chapters. 
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2 LITERATURE REVIEW 

2.1 Medical Applications of Metastable Technetium-99 

Technetium, discovered in 1937 by C. Perrier and E. Segre [11], is a metallic element 

with the atomic number 43 [2]. The metastable state of the element with an atomic 

mass of 99 atomic mass units (amu), Tc-99m, was discovered by E. Serge and G. 

Seaborg in 1937 [11]. To date Tc-99m is one of the most widely used isotopes in 

nuclear medicine applications around the world [11,3,4]. 

 

The widespread deployment of Tc-99m in the field of nuclear medicine is a direct 

result of three of the isotopes’ most attractive characteristics – its multitude of 

oxidation states [3], its low gamma energy, or photon emission (140.5 keV) [2, 4], and 

its short half-life (approximately 6.01 hours) [2,4]. Specific examples of Tc-99m 

applications include brain imaging [12], tumor imaging [13,14], thyroid imaging [15], 

renal imaging [16], and joint imaging [17]. Tc-99m is considered as one of the key 

tools of modern nuclear medicine, serving as the imaging isotope for the large 

majority of diagnostic nuclear medical procedures performed worldwide each year 

(20-25 million as of 2004) [3,4]. Particular attention should be given to the role of Tc-

99m in cardiology imaging procedures, which compose a large portion of all 

worldwide nuclear medicine procedures, which are performed almost entirely with Tc-

99m [3]. Equation Section (Next) 

2.2 Production of Molybdenum-99 

As sufficient quantities of Tc-99m are not readily available for extraction from nature, 

a supply of the isotope must be produced by artificial means to satisfy the medical 

demand. Tc-99m may be produced from the β-decay of Mo-99, a fission product of 

U-235 with a half-life of approximately 2.75 days [2]. As such, supplies of Mo-99 

have been produced over the last several decades by the neutron bombardment and 

subsequent fission of U-235 fuels or targets of both high and low enrichments [4,5]. 

Since the 1980’s, the key source for the United States’ supply of Tc-99m has come 
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from nuclear reactors located within Canada [11,18] which produced approximately 

38% of the world’s supply of Mo-99 as of 2009 [4]. 

 

Although there are Mo-99 production facilities located across at least three continents 

[4], approximately 96% of the world’s supply of Mo-99 originates from only four 

facilities, as illustrated in Table 2-1 [4]. Because of this concentrated production 

dynamic, the shutdown of any one of the world’s largest Mo-99 production facility 

may cause a significant drop in the supply of Tc-99m [5,18], as has been demonstrated 

in 2012 when the Canadian Nordion and the Tyco Healthcare facilities were taken 

offline [5]. In addition, rare cases of concurrent production reactor shutdowns are 

capable of drastically reducing the world’s supply of Tc-99m, such as the 2008 multi-

reactor shutdown which caused approximately 94% of the world’s Mo-99 production 

to be offline for a period of several weeks [4].  

 

Table 2-1: Global molybdenum production as of 2009 

Producer Location World Production [%] 
MDS Nordion Canada 38 
Tyco Healthcare The Netherlands 26 
IRE Belgium 16 
NTP South Africa 16 
 

Radioisotope drug shortages caused by reactor shutdowns may have serious effects on 

the ability of doctors to adequately treat patients [5], and due to Mo-99’s relatively 

short half-life (approximately 2.7 days), it is very difficult to create a Mo-99 stockpile 

which could prevent Tc-99m shortages when reactor shutdowns occur [18]. For years, 

the International Atomic Energy Agency (IAEA) and governments around the world 

have been attempting to combat Tc-99m shortages by moving forward on plans to 

construct new reactors and by converting existing reactors for the purpose of Mo-99 

production [4,5,18]. Alternative approaches to Mo-99 production have also been 

considered via the neutron bombardment of Mo-98 [2], a naturally occurring stable 

isotope, with the use of high flux reactors or accelerators [4]. However, the economic 
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cost and requisite time needed for the construction or conversion of Mo-99 production 

facilities has historically been prohibitive [5,18]. 

 

An approach which could allow for existing reactors to produce Mo-99 without 

extensive conversions would provide a more dispersed and less economically volatile 

supply of Mo-99 in addition to requiring less investment. In addition, a dispersed Mo-

99 production approach could help alleviate processing and delivery delays associated 

with concentrated large-scale Mo-99 production facilities, which occur due to the 

physical distances between Mo-99 production facilities, Mo-99 processing facilities, 

and patients, all of which may or may not reside in the same country or region [4]. A 

potential “dispersed” Mo-99 production approach may be implemented through use of 

TRIGA® Reactors, which are located throughout numerous regions of the world. This 

study seeks to characterize the thermal hydraulic aspects of utilizing a molybdenum 

element design for production of Mo-99 in the OSTR using RELAP5-3D. 

2.3 The Applications of RELAP5-3D to OSTR Modeling 

RELAP5-3D Version 2.4.2 is a lumped parameter code developed by the INL which 

may be utilized in simulations of both nuclear and nonnuclear systems involving 

thermal hydraulic transients of liquids, vapors, and non-condensable gas mixtures [7]. 

The RELAP5-3D code has been employed to simulate reactors of all different designs 

all around the world, examples of which include the Gas Fast Reactor (GFR) design 

by the INL [19], the Syrian Miniature Neutron Source Reactor (MNSR) [20], the 

Tehran Research Reactor [21], and the Ignalina (Lithuania) Reaktor Bolshoy 

Moshchnosti Kanalniy (RBMK) [22]. In addition, RELAP5 has been used to simulate 

various TRIGA® (Training, Research, and Isotope Production General Atomic) 

reactors from around the world with much success, including the Pennsylvania State 

TRIGA® reactor [23], the Instituto de Pesquisas Radiativas – Reactor 1 (IPR-R1) 

TRIGA® reactor in Brazil [24], the UC Davis McClellan Nuclear Radiation Center 

(MNRC) TRIGA® reactor [25], the Reattore Casaccia-1 (RC-1) TRIGA® reactor in 

Italy [26], and the Oregon State TRIGA® Reactor [8].  
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Prior to the 2008 OSTR fuel conversion, a RELAP5-3D thermal hydraulic analysis 

was performed to determine various parameters of relevance to reactor’s safety in 

multiple reactor configurations and operating conditions [8]. This Nuclear Regulatory 

Commission (NRC)-accepted study explored both steady-state and rapid reactivity 

transient (“pulse”) analyses [8]. This study concluded that a RELAP5-3D steady-state 

analysis produced a conservative set of results, consistent with previous analyses of 

the OSTR, and that a similar pulse analysis produced results within a reasonable 

margin of error [8]. These conclusions are the key motivation for a RELAP5-3D 

analysis of Molybdenum Elements loaded within the OSTR. 

2.4 Natural Circulation 

A form of convection characterized by a lack of imposed force (force supplied with 

the use of active components such as pumps or blowers), natural circulation is a 

gravity-driven phenomenon caused by heating a volume of fluid from below while 

cooling it from above [27,28,29]. Natural circulation occurs by the formation of a 

density gradient within a fluid, and in the case of nuclear reactors, the density gradient 

is created by the heat produced via nuclear fission events within the core region, and 

the cooling capability is provided by the heat sink (heat exchangers, steam generators, 

etc.) [29]. The single-phase natural circulation of light water provides cooling to the 

OSTR, wherein the fluid is heated by fuel rods near the bottom of the reactor pool and 

cooling is provided by heat rejection to the atmosphere [8,31,32]. 

 

Oscillations may arise in natural circulation flows, including steady-state flows, which 

may lead to instabilities and flow reversals [29]. Because the ability of a moving fluid 

to remove heat from a stationary solid is highly dependent on the mass flux of that 

fluid [33], sudden changes in flow conditions within natural circulation flows may 

have a large effect on the heat removal capabilities of liquid water to cool a nuclear 

fuel rod. It is therefore important to analyze the behavior of natural circulation systems 
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to determine and characterize the likeliness and consequence of events which may 

disrupt steady-state flows. 

2.5 Critical Heat Flux 

As previously mentioned, in a natural circulation reactor such as the OSTR, the 

localized heating of water near the fuel rods results in a density gradient which allows 

for circulation to occur without the aid of active components; the hydraulic driving 

force is supplied by the reactor itself [34]. When operating at elevated power levels, 

the fuel temperature increases, thus increasing the heat flux between the fuel cladding 

and surrounding fluid. When the external cladding has reached temperatures near the 

saturation temperature of the liquid moderator, nucleate boiling will begin to occur, a 

transition referred to as the onset of nucleate boiling (ONB) [35]. During nucleate 

boiling, small bubbles are formed upon the external cladding, allowing both vapor and 

liquid to remain in contact with the rod [36]. The fluid disturbances caused by bubble 

formation are sufficient to lower the thermal resistance of the more thermally 

insulating vapor regions [35]; in addition, localized boiling further enhances the 

fluid’s cooling ability, as additional energy is drawn from the cladding due to the 

fluid’s phase change and removal of latent heat. 

 

As fuel temperature increases further, the heat flux will increase, eventually causing 

departure from nucleate boiling (DNB) or “burnout,” wherein the coalescence of 

bubbles forms an insulating vapor blanket around the heated fuel rod [35,36,37]. This 

heat flux, which leads to vapor blanket formation, is known as the critical heat flux 

(CHF) and will lead to a sudden rise in fuel temperature due to the vapor blanket’s 

high thermal resistance [35,36,37]. A graphical depiction of OND and DNB is given 

in Figure 2-1. 
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databases are desirable sources for CHF predictions due to the abundance of empirical 

data that is available within them, lending to additional credibility beyond that of other 

potential empirical correlations [33,41]. 

 

CHF values presented within the 2006 look-up table are functions of pressure, mass 

flux, and equilibrium quality [33]. A CHF value may be interpolated from the table for 

any range of these three values which lie within the domain of the table. Once an 

interpolated value has been obtained from a look-up table, correction factors, denoted 

as k1 through k6, must be included to accurately convert the interpolated value to one 

which relates to the geometry of the system. CHF values (kW/m) from the 2006 look-

up table are calculated as [36,48]:  

 1 2 3 4 5 6 interpolated CHF k k k k k k CHF⋅ ⋅ ⋅ ⋅ ⋅ ⋅=  (2-1) 

where 

 
1/2

1
8  2 16h

h

k for D
D

 
= < < 
 

 (2-2) 

 ( )1/3
2 0.8 , 0.8 .5k min exp X = −   (2-3) 

and 

 ( )4
12H

g

f

X
D Xk exp exp XL

ρ
ρ

   
   −=    +      

 (2-4) 

note that k1 represents the diameter factor, k2 represents the rod-bundle geometry 

factor, k3 represents the grid spacer factor, k4 represents the heated length factor, k5 

represents the axial flux distribution factor, k6 represents the vertical flow factor, Dh 

represents the hydraulic diameter (m), X represents the fluid equilibrium quality, DH 

represents the hydraulic diameter (m), L represents the heated length from the channel 

inlet (m), ρg represents the density of the vapor (kg/m3), and ρf represents the density 

of the fluid (kg/m3). Note that for the cases presented within this study, k3, k5, and k6 

are assumed to be unity [36,48]. 
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Other CHF correlations have been developed through both empirical and theoretical 

means. However, most of the empirical data sets are limited by traits of the 

experimental equipment used in their production, and as such may not be applicable to 

non-identical conditions. A second traditionally referenced source when predicting 

CHF with regards to TRIGA® reactors is the Bernath correlation [37], which has a 

history of application TRIGA® reactors and was presented in the original OSTR 

Safety Analysis Report (SAR) [8,36]. Previous examinations of CHF within TRIGA® 

reactors have concluded that a combined application of the 2006 CHF look-up table 

and the Bernath correlation produces the most conservative and credibly updated 

predictive values for those specific conditions which relate to TRIGA® reactors when 

compared with other relevant correlations, and previous versions of the CHF look-up 

tables [8,36]. 

 

CHF values (W/m2) from the Bernath correlation are calculated as [36,37,48]:  

 ( ) 56.68 BO w b BO
BO

Q h T T
A

  = − 
 

 (2-5) 

where [36,37,48] 

 10,890 h
BO

h H

Dh v
D D

 
= + ∆ − 

, (2-6) 

 
3/5

48  0.1
 

10      90  0.1

h
h

h
h

D
D

D
D

  
∈ ≤  

  ∆ =
  + ∈ ≥   

 (2-7) 

and 

 ( )57 ln  54  
15 4

abs
w abs

abs

P vT P
P

 
= − − + 

. (2-8) 

Note that (Q/A)BO represents the critical heat flux (W/m2), hBO represents the limiting 

film coefficient (W/m2-˚C), Tw represents the temperature of the wall at CHF (˚C), Tb 

represents the bulk temperature of the fluid (˚C), Dh represents the hydraulic diameter 
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(m), DH represents the heated diameter (m), Δ represents the slope, Pabs represents the 

absolute pressure (Pa), and v represents the velocity of the fluid (m/s). 

 

In addition to the 2006 AECL-UO look-up tables and the Bernath correlation, the 

Hall-Mudawar correlation has been considered within this study. This correlation 

presents CHF as a function of Weber number, liquid and gas densities, surface tension, 

equilibrium quality, heated length, and heated diameter [42]. Evaluations of the Hall-

Mudawar correlation have concluded that it, along with the 2006 AECL-UP look-up 

tables, provide reliable results when applied to research reactors with pressure ranges 

from 0.101 MPa to 5.05 MPa [43]. 

 

The Hall-Mudawar correlation calculates CHF values as [42]: 

 

( ) ( )
( ) ( )

3
2

3 5
2

5

1 4 ,*
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1 4

1

1 4
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D f f ig g
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Cfg o
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q

Gh C C We L D

ρ ρ

ρ
+

 ρ − ρ  =
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 (2-9) 

with [42,43] 
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 (2-11) 

and 

1

2

3

4

5

0.0722
0.312
0.6644

0.900
0.724

C
C
C
C
C

=
= −
= −
=
=

 

Note that qc represents the critical heat flux (kW/m2), G represents the mass flux 

(kg/m2-s), hi represents the enthalpy at the inlet, hf,o represents the enthalpy at the 

outlet, hfg,o represents the latent heat of vaporization at the outlet (kJ/kg), σ represents  
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the surface tension (N/m), L represents the heated length (m), and DH represents the 

heated diameter. 
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3 OREGON STATE TRIGA® REACTOR DESCRIPTION 

Located in Corvallis, Oregon, the OSTR is a Mark II design TRIGA reactor licensed 

to a steady-state power level of 1.1 MWth [8,32]. The reactor is of a pool-type design, 

which includes a 0.6 m tall, 1.07 m diameter core submerged beneath a 1.98 m 

diameter, 6.09 m deep pool of light water as detailed in Figure 3-1 [8]. The pool itself 

is clad with a layer of aluminum and surrounded by a layer of concrete which serves 

as a biological shield [44]. The OSTR Irradiation facilities utilize in-core positions, the 

core-adjacent rotating rack, the pneumatic transfer system, two of the reactor’s four 

beam ports, thermal neutron column, and thermalizing column detailed in Figure 3-2 

[44]. The core itself, shown in Figure 3-3, is of a cylindrical layout containing low-

enriched uranium (LEU) stainless steel-clad uranium-zirconium hydride (UZrH) 30/20 

fuel rods [32]. In addition, the core contains stainless steel-clad reflector elements, 

three fuel-followed electro-servo driven control rods, one void-followed pneumatically 

driven control rod, and several experimental positions [8,32]. Equation Section (Next) 

 

 
Figure 3-1: Vertical section of TRIGA® Mark II Reactor [8,32] 
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Figure 3-2: Horizontal section of TRIGA® Mark II Reactor [8,32] 

 

As shown in Figure 3-3, the core layout is composed of cylindrical “rings” labeled A 

(central position) through G (outer ring), which contain the fuel rods, control rods, and 

other core elements [32]. Due to the size of elements within the core and the core’s 

overall dimensions, subchannel flow areas are not consistent throughout the core [8]. 
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located within the core, and therefore a pulsing analysis has been excluded from this 

study. 

3.1 OSTR Fuel Rods 

The LEU fuel rods contained within the OSTR core are composed of UZrH within 

stainless steel cladding [32,47]. Each rod contains a fueled length between two 

graphite reflectors (upper and lower), and terminates at each end with a stainless steel 

fitting which facilitates integration with the reactor grid plates [32]. The physical 

characteristics of the OSTR fuel rods are detailed in Table 3-1 below. 

 

Table 3-1: Physical characteristics of OSTR fuel rods [32] 

Parameter Description 
Fuel material UZrH 30/20 fuel 
Uranium content [mass %] 30 
Fuel enrichment [mass % U235/U]] 19.75 
Erbium content [mass % Er] 1.1 
Cladding material SS 304 
Cladding thickness [mm] 0.508 
Gap thickness [mm] 0.05 to 0.4 
Active length [mm] 381 
Upper reflector Length [mm] 87.38 
Lower reflector Length [mm] 88.138 
External diameter [mm] 37.465 

 

The fuel-related safety limit imposed upon the OSTR by its technical specifications 

pertains to maximum fuel rod temperature, which may not exceed 1150 ˚C under any 

mode of operation [32]. This limit is enacted to ensure that cladding failure, which 

may result in a release of fission fragments, will not occur by pressure buildup within 

a high temperature fuel rod [32]. Although many factors contribute to the internal 

pressure within a fuel rod, fuel temperature is a single value that may be easily 

measured during operations [32]. 

 

The OSTR core is presently licensed to be arranged in any one of three core 

configurations – the Normal configuration, in-core irradiation tube (ICIT) 
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configuration, and cadmium-lined ICIT (CLICIT) configuration [32]. These 

configurations vary by the placement of elements in the B1 position. The thermal 

hydraulic characterization performed for the OSTR 2008 fuel conversion SAR 

examined each core configuration during the core’s BOL, “middle-of-life” (MOL), 

and “end-of-life” (EOL) phases [8,32]. A summary of maximum fuel temperature of 

the ICIT core at each discrete point in the core’s life during steady and pulsed mode 

tabulated during the 2008 study is shown in Table 3-2. 

 

Table 3-2: OSTR fuel rod maximum temperatures [8,32] 

OSTR Configuration Maximum Fuel Temperature [˚C] 
Steady-state, BOL ICIT 448.13 
Steady-state, MOL ICIT 457.66 
Steady-state, EOL ICIT 438.38 
$2.00 pulse, BOL ICIT 835.90 
$2.00 pulse, MOL ICIT 1016.20 
$2.00 pulse, EOL ICIT 967.40 
 

Table 3-2 illustrates that fuel temperatures are well within acceptable ranges with 

regard to technical specifications during steady-state operation, and that elevated 

temperatures reached during pulse conditions do not exceed values higher than 

approximately 88% of the technical specifications limit [8,32]. The OSTR is designed 

with a limiting safety system setting that prevents fuel rod temperature excursions 

beyond 510˚C in non-pulse scenarios [32]. The maximum fuel temperatures given in 

Table 3-2  and the limiting safety system setting values provide reference values with 

regards to acceptable molybdenum element temperatures during implementation 

within the OSTR. 

3.2 Molybdenum Element Design 

The molybdenum element is of a hollow annular design, as illustrated in Figure 3-4 

and Figure 3-5, which allows for coolant to flow via natural convection through a 

cylindrical inner channel and outer channel. It should be noted that the inner channel 

contains tri-supports at two axial locations along its length near the lower and upper 
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end fittings, respectively. The element’s dual-channel design allows for heat transfer 

from within the element’s fuel material to occur in both radial directions through the 

inner and outer aluminum cladding. Additionally, the element’s design facilitates a 

fuel material geometry with a high surface area to volume ratio. The combination of 

these two features provides substantial cooling of the molybdenum element’s fuel 

material. 

 

 
Figure 3-4: Top-down representation of molybdenum element [47] 
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therefore increases power density, which results in relatively larger temperatures when 

compared to lower power densities. 

 

The total height of the fuel material region is derived from the total microsphere 

loading held to a nominal mass of 800 grams of UO2 microspheres per molybdenum 

element. Given this constraint, the total volume of the element’s fuel material may be 

tabulated by dividing the nominal mass of the fuel material by the density of the fuel. 

This fuel density is found by multiplying the packing factor by the density of solid 

UO2. The volume may then be converted to a fuel height by assuming a fuel area of  

 
( )2 2

 

 
4

outer inner
fuel core

D D
A

π −
= , (3-1) 

note that Afuel core is the total cross sectional area of the inner fueled region (m2), Douter 

is the outer diameter of the fueled region (m), given in Figure 3-4 as 34.265 ± 0.051 

mm, and Dinner is the inner diameter of the fueled region (m), given in Figure 3-4 as 

29.827 ± 0.051 mm. By assuming a minimum value for Douter and a maximum value 

for Dinner, the fuel area is found to be 218.26 mm2. This area corresponds to a fuel core 

height of 496.79 mm. A geometric description of the element’s fuel core is given in 

 

Table 3-4.  

 

Table 3-4: Molybdenum element fuel material characteristics 

Fuel Core Parameter Value 
Fuel Material UO2 

Enrichment [mass % U235/U] 20 
Erbium Content [mass %] 0 
Micro-sphere Diameter [µm] 200 
Total Uranium Mass [g] 800 
Fill Gas Helium 
Packing Factor 0.676 
Solid Fuel Density [g/cm3] 10.9 

Total Fuel Density [g/cm3] 7.37 

Total Fuel Volume [cm3] 108.55 

Annular Fuel Area [cm2] 2.18 

Total Fuel Height [cm] 49.79 
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3.4 Molybdenum Element Material Temperature Limits 

Any comprehensive reactor safety study regarding the implementation of a core 

element must consider both the impact of the element on the reactor in reference to 

licensed limits, such as the OSTR fuel temperature safety limit of 1,150˚C [32]; as 

well as the reactor’s impact on the element. As a result of inherent design features, the 

molybdenum element differs in both form and composition from standard OSTR fuel 

rods as discussed in Section 3.2 and will therefore exhibit different limitations related 

to failure. In this study, the failure of the molybdenum element refers to any event 

which corresponds with a breach of the molybdenum element’s aluminum clad. 

 

Mechanisms of relevance to element failure include, but are not limited to, clad failure 

due to melting, clad failure due to stress-induced deformation, and clad failure due to 

rupture caused by the internal pressures of the fill gas. Composition temperatures 

which exceed melting temperatures may indicate molybdenum element failure, 

described as any event which corresponds with a breach of the aluminum clad. As 

such, safe implementation of molybdenum elements corresponds with maximum 

composition temperatures below melting temperatures. Relevant melting temperatures 

gathered from reference materials are presented in Table 3-5 [51,52]. 

 

Table 3-5: Molybdenum element composition melting temperatures  

Material Function Melting temperature [˚C] 
UO2 Fuel 2856 ± 30 

Aluminum Cladding 660 

Air Fuel fill gas -- 
 

3.4.1 Shear Stress Limitation 

The flow of liquid coolant within a molybdenum element’s inner and outer channels 

will impose shear stresses upon the aluminum cladding [53]. Given that the natural 
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hydrogen in appreciable quantities from the solid fuel at elevated temperatures [55]. 

The stress caused by an internal pressure pushing “out” on a thin-walled cylindrical 

vessel may be approximated as [56] 

 Pb
tθσ

 =  
 

, (3-2) 

note that σθ is the stress imposed upon the cylinder (Pa), P is the internal membrane 

pressure on the solid body (Pa), b is the radius (m), and t is the thickness of the 

cylinder (m). Note that equation (3-2) is appropriate for estimating the stress level of a 

cylinder when the radius is more than four times the wall thickness. By assuming that 

the annular cladding may be modeled as one thin-walled cylinder of radius bouter 

subtracted by another thin-walled cylinder of radius binner, where binner < bouter, where 

both cylinder walls have the same thickness and internal pressure, the annular stress 

may be written as [56] 

 
( )  outer innerouter inner P b bPb Pb

t t tθσ
−    = − =    

     
. (3-3) 

From Table 3-3, wall thickness is approximately 3.2 mm, bouter is assumed to be 17.1 

mm and binner is represented by 14.9 mm. The elastic limit yield strength of an 

aluminum material may be conservatively estimated to be at approximately 35 MPa 

[57]. Therefore, if the internal pressure imposes a stress equal to or greater than 35 

MPa the element may fail due to outer clad failure. 

 

The internal gas also imposes a stress upon the inner aluminum cladding by pushing 

“in” on the clad. If that stress reaches a critical level, the inner cladding may fail via 

buckling. The critical pressure, Pcrit, which will cause a thin-walled tube to buckle 

from an external pressure may be expressed as [56]  

 3

3
crit

EIP
R

 =  
 

, (3-4) 

note that E is the Young’s Modulus of the cladding (Pa), I is the second moment of 

area of the cladding (m4), and R is the centerline radius of the tube (m). The centerline 

radius of the inner cladding may be seen from Figure 3-4 to be 14.11 mm. The 



 
28 

 
Young’s Modulus of aluminum 6061-T6 may be conservatively estimated as 69 GPa 

[57]. The value of I for a thin-walled tube may be expressed as 

 3I R tπ= , (3-5) 

which results in a value of 2.82E-8 m4 for the cladding [56].  

 

Based on the computed information provided and the relations presented in (3-3) and 

(3-4), the critical pressure which will cause buckling of the inner clad is 20.67 MPa 

and the pressure which will cause rupture of the outer clad is 2.081 GPa. Thus, the 

limiting pressure is assumed to be 20.67 MPa. The internal pressure levels generated 

within the annular clad at elevated temperatures is a result of the thermal expansion of 

the UO2 fuel and of the surrounding air. Given that the volumetric expansion 

coefficient of an isotropic sample of UO2 is approximately 0.00003 °C-1 at 26.85 °C 

[51] and the volumetric expansion coefficient of air is 0.003 ˚C-1 [52], it is assumed 

that the internal pressure within the cladding is the sole result of thermal expansion of 

the gas. 

 

By assuming that the air behaves as an ideal gas, the limiting pressure may be written 

into the ideal gas law as 

 gas gas gasPV n R T= , (3-6) 

note that Vgas is the total gas volume (m3), which remains constant within the 

aluminum cladding at 35.17 cm3, ngas is the number of moles of gas present (mols), 

which remains constant at 0.00211 mols due to a loading at room temperature with a 

density of 1.2 kg/m3 [57] and an assumed molecular weight of 20 g/mol, Rgas is the 

ideal gas constant 8.314 (J/mol-C) [57], and T is the temperature of the gas (˚C). 

 

The corresponding limiting temperature for inner clad failure is approximately 

41,300˚C as illustrated in Figure 3-9. This temperature is significantly higher than 

those highlighted in Table 3-5. As a result, it may be assumed that molybdenum 

element internal pressure is not a cause of concern with regards to cladding failure due 

to internal overpressure. 
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acquire the most conservative set of results to ensure safe molybdenum element 

deployment within a conservative margin of safety. 

4.2 Model Description 

The RELAP5-3D model constructed for this study is composed of six hydrodynamic 

volumes, two junction components, two branch components, and four heat structures 

(HS). The hydrodynamic volumes and junction components allow for continuous fluid 

flow throughout the model. The hydrodynamic volumes, depicted in Figure 4-1, 

include the coolant source, the cold leg, the horizontal connector, the inner channel, 

the outer channel, the inner connector, the outer connector, and the coolant sink.  

 
Figure 4-1: Sketch of RELAP5-3D model 

Equation Section (Next) 

Volumes 100 and 105, the coolant source and coolant sink, are modeled as time-

dependent volumes with a prescribed fluid temperature, pressure, and fluid quality (set 

to values consistent with the technical specifications of the OSTR) which remain 

Junction 200 

Cold Leg 
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Junction 201 

Horizontal Connector (Volume 102) 
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(Volume 103) 
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(Volume 104) 

Coolant Source 
(Volume 100) 

Coolant Sink 
(Volume 105) 

Upper Plenum 
(Junction 203) 
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constant throughout simulated scenarios. These volumes exist to provide volume-

related boundary conditions for the model [58], which allows for fluid to flow in and 

out of the system. These volumes contain no form losses. 

 

Volume 101, the cold leg, exists to provide an appropriate water column that allows 

for natural circulation flow to occur when a heat source is introduced via the heat 

structure which models the molybdenum element’s fuel material. This volume has a 

height equivalent to that of the OSTR core from lower grid plate to upper grid plate, 

and contains no form losses. 

 

Volume 102, the horizontal connector, exists to provide a path for fluid flow from the 

cold leg to the lower plenum. This volume contains no form losses. 

 

Volumes 103 and 104, the inner channel and outer channel, represent the geometry of 

the molybdenum element’s inner and outer flow areas, respectively. The flow area of 

the outer channel, Aouter (m2), may be calculated in accordance with the element’s 

outer diameter as [8]: 

 
21/2

23 
2 4

outer
outer

DA Pi π 
= − 
 

 (4-1) 

note that Pi is the core pitch (the distance between the centerline of adjacent elements 

within the core region, m). The flow area of the inner channel, Ainner (m2), may be 

calculated from the element’s inner diameter as [48]: 

 
2

 
4
inner

inner
DA π

=  (4-2) 

These volumes are sub-divided into 31 sub-volumes, which may each experience 

differences in conditions such as temperature, pressure, quality, and flow rate. The 

first and last sub-volume of these volumes act as the channel inlet and outlet, 

respectively and contain form loss values calculated to best represent form loss values 

present in a physical molybdenum element [47]. As illustrated in Figure 4-2, sub-

volumes 2 through 4 are adjacent to the lower washer, sub-volumes 5 through 24 are 
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Branch 201, denoted as the “lower plenum,” connects the horizontal connector to the 

inner channel and outer channel. Branch 202, denoted as the “upper plenum,” connects 

the inner channel and outer channel to the coolant sink. The flow area of the junctions 

is set to the maximum flow area of the three hydrodynamic volumes to which they are 

connected. The flow area of each individual single-junction connection within the 

branch is set to the flow area of the hydrodynamic volume connected to the branch 

(i.e. the flow area between the outer channel and the lower plenum is equivalent to the 

flow area of the outer channel). These components contain no explicit form loss 

values. 

 

Heat structures 300 and 302, the lower washer and upper washer, represent the lower 

and upper aluminum regions which rest below and above the fuel material within the 

molybdenum element. The lower washer is in contact with sub-volumes 2 through 4 of 

the inner channel and outer channel, and the upper washer is in contact with sub-

volumes 25 through 27 of the inner channel and outer channel. These structures are 

coded with three axial and radial sub-volumes, and are fully composed of aluminum 

throughout. The lower washer and upper washer do not contain any source terms. 

 

Heat Structure 301, the fuel material, represents the fueled length of a molybdenum 

element. The fuel material is in contact with sub-volumes 4 through 24 of the inner 

channel and outer channel. This structure contains 20 axial sub-volumes and 22 radial 

sub-volumes, with a uranium-dioxide composition within radial sub-volumes 2 

through 21 and an aluminum composition within radial sub-volumes 1 and 22. The 

fuel material contains 20 axial and radial source terms. These source terms represent 

power profiles generated from MCNP5 completed as part of the OSU Molybdenum 

Project [48]. These source terms, discussed in further detail in Chapter 4.4, allow for 

heat to be deposited into the model’s structure. 

 

Heat Structure 303, the helium region, represents the gas-filled section above the 

upper washer within the molybdenum element’s hollow annulus. The gas region is in 

contact with sub-volumes 28-30 of the inner channel and outer channel. This structure 
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has three axial and radial sub-volumes, and is composed of helium gas throughout. 

Helium is chosen as the fill gas in the study described herein as it serves as a 

conservative substitution for air due to its decreased thermal conductivity and 

volumetric heat capacity. The gas region contains no source terms. 

4.3 Calculated Form Losses 

As a lumped-parameter code, RELAP5-3D requires user inputs to specify particular 

model values, including form loss coefficients in both the “forward” and “reverse” 

directions [7,8]. Form loss coefficients refer to the group of loss coefficients caused 

when fluid flows encounter conditions such as sudden expansions, sudden 

contractions, bends or elbows, fittings, etc [53]. These loss coefficients have an effect 

on the flow which may be represented as [53]:  

 
1

21 
2

K P vρ
−

 =∆  
 

∑  (4-3) 

where K is a loss coefficient in the piping system, ΔP is the change in pressure across 

the piping system (Pa), ρ is the density of the fluid (kg/m3), and v is the velocity of the 

fluid flow (m/s) [53]. Large loss coefficients will result in large pressure drops across 

sections of pipe, and thus provide a retarding force against the primary flow direction. 

Thus, the larger the loss coefficient, the more flow will be hindered, causing a 

reduction in mass flow rates and thus a decrease in the cooling capability of a 

convection-cooled system. 

 

Previous studies have calculated form loss values for OSTR fuel rod elements in the 

B-ring hot channel [59]. These values were calculated by considering the path of 

coolant from the reactor pool through the lower grid plate, around the fuel rod’s fins, 

around the fuel rod’s “lower nub” (lower end fitting), around the fuel rod’s length, 

through the upper grid plate, and around the “upper nub” (upper end fitting) back to 

the reactor pool [59]. This fluid path leads flow through a series of sudden expansions 

and sudden contractions, which correspond with form loss terms based upon the 
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note that KEffective is the effective form loss value, KLocal is the local sudden expansion 

or sudden contraction form loss value, AChannel is the area of the flow channel (m2), and 

ALocal is the local area (m2). Local and effective form losses are calculated separately 

for both the inlet and outlet of the inner channel and outer channel. As in previous 

studies using RELAP5 to model the OSTR, inlet form loss values are only coded in 

the first sub-volume of a channel and outlet form loss values are only coded in the 

terminal sub-volume of a channel [8,32,59]. Form loss terms are also only coded in the 

forward direction. Surface roughness terms are included in both the inner and outer 

channel at each sub-volume, which provide a small contribution to overall flow 

hindrance. 

 

The inlet and outlet form loss terms for the inner channel and outer channel are 

dependent upon the flow path through each channel. Each flow path begins with 

coolant flowing from the reactor pool through the lower grid plate openings and 

around the molybdenum element’s lower nub. At this point, the flow separates as 

illustrated in Figure 4-4. 
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the molybdenum element are given in Table 4-1 with the form loss values of an OSTR 

fuel rod to serve as a comparison [59]. 

 

Table 4-1: Molybdenum element and fuel rod calculated form loss values 

Geometry Sum of local form losses Sum of effective form losses 
Outer channel, inlet 1.215 1.115 
Outer channel, outlet 0.983 0.862 
Inner channel, inlet 1.797 7.188 
Inner channel, outlet 1.112 6.970 
OSTR fuel rod, inlet 2.387 2.253 
OSTR fuel rod, outlet 1.067 0.633 
 

The exclusion of fins from the molybdenum element has the effect of decreasing the 

outer channel inlet form loss term while increasing the outer channel outlet form loss 

term. The inclusion of tri supports located within the inner flow channel of the 

molybdenum element has the effect of providing large inner channel inlet and outlet 

form loss terms when compared with the outer channel. 

4.4 Fuel Core Source Profiles 

Element power levels vary based on grid position within the OSTR as illustrated in 

Figure 4-5. Because of this power distribution, the total power generated by the 

molybdenum element’s fuel material is dependent upon the element’s placement 

within the core. The total power level input into the RELAP5-3D model was chosen as 

the highest value which represents placement in the G-32, G-33, or G-34 core position 

at core power of 1.1 MWth [32]. These positions represent the three potential 

deployment locations where OSU intends to place a molybdenum element. The 

highest power level of a deployed molybdenum element occurs in the G-34 position, 

at a calculated 11.55 kW [48]. 
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4.5 Material Models and Description 

Each heat structure modeled by RELAP5-3D must be given a composition [60]. To 

accurately model the molybdenum element, aluminum was required for the upper 

washer and lower washers, 200µm UO2 spheres in fill gas were required for the fuel 

material, and helium gas was needed for the helium region. As RELAP5-3D does not 

contain data sets for some of these materials, user input data and functions were used. 

The following sections detail the required thermal properties input for each material 

composition at specific temperatures. 

 

4.5.1 RELAP5-3D Model Thermal Conductivity Data 

The thermal conductivities of aluminum and helium were sourced from existing 

literature [52]. As a source of thermal conductivity values for 0.676 packing factor 

sphere-pac UO2 in helium gas was not available, the thermal conductivity of the UO2 

fuel was calculated through two equations presented in NUREG/CR-7024 [61]. The 

equation for the thermal conductivity of 95% theoretical density UO2 fuel pellets as 

shown below [61]:  
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 (4-7) 

note that k95 is the thermal conductivity for a theoretical fuel of 95% density (W/m-

˚C), T is the temperature (˚C), Bu is the burn-up (GWd/MTU), f(Bu) is the effect of 

fission products in a crystal matrix as 0.00187-Bu, g(Bu) is the effect of radiation 

defects as 0.038*Bu0.28, Q is a temperature dependence parameter as 6106.85 (˚C), A is 

a constant as 0.0452 (m-˚C/W), a represents a constant as 1.1599, gad represents the 

weight fraction of gadolinia present (% mass), B represents a constant as 2.46E-4 (m-

˚C/W/˚C), E represents a constant as 3.5E9 (W-˚C/m), and F is a constant as 16087.85 

(K).  
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Given that the UO2 within the sphere-pac fuel has a total density of one, no loaded 

gadolinia, and no burn-up, a simplified version of the above equation may be written 

for non-95% theoretically dense fuels as shown below [61]:  

 
( )951.0789

1 0.5 1d
dk k

d
 

= ⋅   + − 
 (4-8) 

note that kd is the thermal conductivity (W/m-˚C) for a theoretically dense fuel of 

some density d as a fraction of total density (% density). The effective thermal 

conductivity of the molybdenum element fuel material was calculated by mass 

averaging the fuel’s helium and UO2 components with an assumed packing factor of 

0.676 by: 

( ) ( ) ( ) ( )
( ) ( )

2

2

1
1

T UO d T He He
eff

T UO T He

VF V k T VF V T k T
k

VF V VF V T
ρ ρ

ρ ρ
⋅ ⋅ ⋅ + − ⋅ ⋅ ⋅

=
⋅ ⋅ + − ⋅ ⋅

              (4-9)
 

note that VF is the volume fraction of UO2, VT is the total fuel volume, ρUO2 is the 

density of UO2 (kg/m3), kd is described in (4-8), ρHe is the density of helium (kg/m3), 

and kHe is the thermal conductivity of helium. Figure 4-8 and Figure 4-9 detail the 

values of thermal conductivity for the aluminum, helium, UO2, and sphere-pac fuel 

compositions within reasonable temperature limits. 
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4.5.2 RELAP5-3D Model Volumetric Heat Capacity Data 

The values required for the composition volumetric heat capacities were sourced from 

existing literature in the case of helium, solid UO2 fuel, and aluminum [51,52]. The 

volumetric heat capacity of the sphere-pac fuel was calculated via mass averaging 

values for solid UO2 and helium densities and heat capacities in the case of the sphere-

pac fuel. 

 

A mass fraction approach between the solid UO2 spheres and the surrounding helium 

gas was used to calculate the specific heat capacity of the sphere-pac fuel as: 

 
( ) ( ) ( ) ( )

( ) ( )
2 2

2

, 1
1

T UO p UO T He He
p

T UO T He

VF V C T VF V T C T
C

VF V VF V T
ρ ρ ρ ρ

ρ ρ
⋅ ⋅ ⋅ + − ⋅ ⋅ ⋅

=
⋅ ⋅ + − ⋅ ⋅

 (4-10) 

note that Cp is the specific heat capacity of the sphere-pac fuel (J/m3*K), VF is the 

volume fraction of the fuel as 0.676, VT is the total fuel volume (m3), T is the 

temperature (K), ρUO2 is the density of UO2 (kg/m3), Cp,UO2 is the specific heat capacity 

of UO2
 (J/kg*K), ρH is the density of helium (kg/m3), and Cp,He is the specific heat 

capacity of helium (J/kg*K). The volumetric heat capacities for aluminum, helium, 

UO2, and sphere-pac fuel compositions within reasonable temperature limits are 

presented in Figure 4-10, Figure 4-11, and Figure 4-12. 
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5 RESULTS AND DISCUSSION 

5.1 Steady-State Results 

5.1.1 Thermal Hydraulic Characteristics at Full Power 

Recall from Section 1.2 that the most important parameters dictating the safety of a 

deployed molybdenum element are (1) maximum fuel temperature, (2) maximum 

cladding temperature, and (3) critical heat flux (CHF) ratios during steady-state 

operation. As CHFRs are dependent upon flow rate, the mass flow rates and velocities 

within the inner channel and outer channel flow are of significant importance. Each of 

these values is presented in the tables and figures in the following section. Table 5-1 

summarizes the molybdenum element RELAP5-3D model results during steady state 

operating conditions within the OSTR at an integral power level of 1.1 MWth. 

 

Table 5-1: Steady-state results 

Steady-state parameter Inner channel 
value 

Outer channel 
value 

Maximum fuel temperature [C] 144.66 
Maximum clad temperature [C] 121.69 119.51 
Minimum CHFR – 2006 look-up table 10.21 16.43 
Minimum CHFR – Bernath 15.18 9.64 
Minimum CHFR – Hall-Mudawar 21.46 27.49 
Channel outlet flow rate [kg/s] 0.0541 0.0702 
Channel outlet velocity [m/s] 0.0995 0.1891 
Exit bulk coolant temperature [C] 71.63 72.53 
Exit bulk coolant pressure [kPa] 147.35 147.33 
Maximum wall heat flux [kW/m2] 166.53 143.48 
 

The predicted temperature of each heat structure sub-volume within the fuel material 

is dependent upon two key parameters: the internal source values in and around that 

sub-volume and the cooling effectiveness of the inner channel and outer channel at the 

axial location of that sub-volume. Predicted temperatures for each sub-volume within 

the fuel material heat structure are presented in Figure 5-1 and Figure 5-2. The axial 

and radial “hot band” temperatures are presented in Figure 5-3, and Figure 5-4. 
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Furthermore, the predicted maximum fuel temperature is well below the OSTR 

technical specification limit of 1,150 ˚C [32].  

 

Predicted maximum clad temperatures did not exceed 122 ˚C. This value is well below 

the melting temperature of aluminum referred to in Section 3.4 as 660 ˚C. 

 

The predicted fuel material temperature profile presented in Figure 5-1 and Figure 5-2 

indicates that maximum fuel temperatures develop within sub-volumes at a location 

near the heat structure’s radial centerline and slightly above its axial centerline. The 

development of a fuel “hot spot” at this location indicates higher than nominal levels 

of internal heat generation within the local sub-volumes. This hot spot location is 

congruent with the molybdenum element source profiles presented in Section 4.4 

 

Regions of maximum cladding temperatures develop within sub-volumes at a location 

adjacent to the inner channel and slightly above the heat structure’s axial centerline. 

The highest clad temperatures, which appear in-line with the highest fuel 

temperatures, indicate locations where elevated conductive heat transfer occurs from 

the fuel material centerline. 

 

The cooling effectiveness provided to the molybdenum element clad sub-volumes is 

dependent upon the coolant properties in the inner channel and outer channel, 

respectively, at each hydrodynamic sub-volume. The coolant temperature and velocity 

profiles, presented in Figure 5-5 and Figure 5-6, respectively, display the coolant 

characteristics within the inner channel and the outer channel along the axial flow 

length. 
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The most conservative predicted MCHFR was found to be 9.64 in the outer channel 

from the Bernath correlation. This minimum value is well within safe margins. Values 

from the Bernath and Groeneveld look-up table predicted more limiting CHFR 

profiles than those predicted from the Hall-Mudawar correlation. This difference may 

be due to low mass fluxes (kg/m2-s) in the inner and outer channel which lie below the 

minimum value prescribed by the Hall-Mudawar correlation. 

 

5.1.2 Limiting Thermal Hydraulic Characteristics 

An examination of the limiting thermal hydraulic parameters for molybdenum 

elements within the OSTR during steady state operations at varying molybdenum 

element power levels is included in this section. It is the intent of this study to present 

the profiles of limiting thermal hydraulic parameters as a function of molybdenum 

element power. A summary of results predicted at four discrete molybdenum element 

power levels during steady state operating conditions within the OSTR at an integral 

power level of 1.1 MWth is presented in Table 5-2. The results pertaining to a 

molybdenum element power level of 11.552 kW are presented in Table 5-1. 

 

Table 5-2: Power variation - steady-state results 

Molybdenum element power level 

Steady-state parameter 5 kW 10 kW 15 kW 20 kW 

Maximum fuel temperature [˚C] 110.65 139.58 155.09 169.42 

Maximum clad temperature [˚C] 102.77 120.05 124.66 128.11 

MCHFR – 2006 look-up table 26.00 11.87 7.73 5.65 

MCHFR – Bernath 22.10 11.22 7.27 5.28 

MCHFR – Hall-Mudawar 46.95 24.49 16.83 12.65 

Inner channel outlet flow rate [kg/s] 0.0391 0.0512 0.0598 0.0666 

Outer channel outlet flow rate [kg/s] 0.0520 0.0665 0.0775 0.0865 

Inner channel outlet temperature  [˚C] 61.73 69.50 75.85 81.34 

Outer channel outlet temperature [˚C] 63.41 70.66 76.45 81.57 













 
59 

 
correlation or the Groeneveld look-up tables. This difference may be due to low mass 

fluxes (kg/m2-s) in the inner and outer channel which lie below the minimum value 

prescribed by the Hall-Mudawar correlation. Predicted MCHFR profiles from all three 

methods indicate that MCHFR values decreased to a lesser degree per 5 kW increase 

as molybdenum element power levels rose. 

6 CONCLUSION 

6.1 Observations 

This study determined and characterized the thermal hydraulic aspects related to the 

safety of deploying up to three molybdenum elements within the OSTR core during 

normal, full power operations. Limiting thermal hydraulic parameters include (1) 

maximum fuel temperature, (2) maximum cladding temperature, and (3) critical heat 

flux (CHF) ratios during steady-state operation. This objective was accomplished 

using RELAP5-3D version 2.4.2 through the development of a model representative of 

a single molybdenum element within the OSTR using the most conservative flow 

channel geometry possible – the OSTR’s B ring “hot channel.”  

 

Predicted maximum fuel temperatures did not exceed 145 ˚C. This value is well below 

the melting temperature of UO2 referred to in Section 3.4 as 2856 ± 30 ˚C. 

Furthermore, the maximum fuel temperature predicted by RELAP5-3D is below the 

OSTR technical specification limit of 1,150 ˚C [32]. 

 

Predicted maximum clad temperatures did not exceed 122 ˚C. This value is well below 

the melting temperature of aluminum referred to in Section 3.4 as 660 ˚C. 

 

The most conservative predicted MCHFR was found to be 9.64 in the outer channel 

from the Bernath correlation. This minimum value is well within safe margins and 

correlates with the safe implementation of molybdenum elements within the OSTR 

core during steady state core operation. 
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Values from the Bernath and Groeneveld look-up table predicted more limiting 

CHFRs than those predicted from the Hall-Mudawar correlation. This difference may 

be due to low mass velocities (kg/m2-s) in the inner and outer channel which lie below 

the minimum value prescribed by the correlation. 

 

Examinations of the RELAP5-3D outputs indicate that the high surface area to volume 

ratio of the molybdenum element design provides very effective heat transfer from the 

fuel material to the coolant. Higher mass flow rates are maintained within the outer 

channel than in the inner channel. This difference may be attributed to the larger form 

loss calculated for the inner channel as opposed to those calculated for outer channel. 

 

The results from this conservative safety analysis study predicted safe maximum fuel 

temperatures, maximum clad temperatures, and CHFRs for a molybdenum element 

implemented within the OSTR hot channel at an integral power level of 1.1 MWth. 

The predicted profiles of limiting thermal hydraulic parameters at molybdenum 

element power levels ranging from 5 kW to 20 kW indicated safe implementation of a 

molybdenum element within the OSTR core. 

 

The results from theoretical accident scenarios are presented within APPENDIX A: 

LOCA EVENT ANALYSIS and APPENDIX B: Flow Blockage analysis. Results for 

steady state and theoretical accident scenarios analyzed within this study are presented 

in Table 6-1. 

 

Table 6-1: Summary of results 

Implementation 
condition 

Maximum fuel 
temperature [˚C] 

Maximum clad 
temperature [˚C] 

MCHFR 

Steady state 144.66 121.69 9.64 
Steady state – 20 kW 169.42 128.11 5.28 
LOCA event 650.51 650.35 -- 
Blockage event 224.40 224.40 4.84 
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6.2 Assumptions and Limitations 

The application of RELAP5-3D, a lumped parameter code [7], introduces a number of 

assumptions into this thermal hydraulic analysis. Any relatively large component, such 

as the lower branch which models the OSTR lower plenum, is represented by a single 

volume, as are the time-dependent volumes which model the coolant source and sink. 

Heat structures, which are used to model the fueled and unfueled sections of the 

molybdenum element, are capable of only radial heat transfer and are incapable of any 

form of axial heat transfer in the scope of these models. This includes axial heat 

transfer to hydrodynamic volumes, other heat structures, or even adjacent heat 

structure nodes within the same heat structure. Furthermore, the assignment of specific 

types of components represented within RELAP such as branch, pipe, and junction 

components simplifies a physical system into one with specific characteristics 

expected by the RELAP code. 

 

Results produced from this study pertain only to systems which explicitly mimic both 

geometric and boundary condition states representative of the OSTR. 

6.3 Future Work 

This study explored and detailed three limiting thermal hydraulic parameters regarding 

the implementation of a molybdenum element within the OSTR core during steady-

state operations, and concluded that molybdenum elements may be safely 

implemented. A continuation of this work could contain analyses regarding any 

number of additional topics, including: 

• The effect on molybdenum element limiting thermal hydraulic parameters 

caused by a positive reactivity insertion within the OSTR. Note however that, 

as discussed in Section 3, it is not the intent of reactor operators to perform 

rapid positive reactivity insertion experiment while molybdenum elements are 

loaded within the OSTR core. 

• The effect on molybdenum element limiting thermal hydraulic parameters 

caused by variations in the assumed packing factor of 200 µm sphere-pac fuel. 
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• The effect on molybdenum element limiting thermal hydraulic parameters 

caused by implementation of an OSTR core filled with molybdenum elements. 

• The effect on molybdenum element limiting thermal hydraulic parameters 

caused by a new molybdenum element power profile (if changed) after 

replacement of the OSTR graphite reflector. 

• The effect on molybdenum element limiting thermal hydraulic parameters 

caused by implementation in TRIGA® reactors with parameters dissimilar to 

the OSTR. 

• The effect on OSTR spatially distributed fluxes due to replacement of a fuel 

rod with a molybdenum element in notable grid-locations. 

• The development of a potentially more resolved model via computational fluid 

dynamics (CFD) 
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8 NOMENCLATURE 

Variables 

CHF  Critical heat flux, [kW/m] 

k1  Diameter factor 

k2  Rod-bundle geometry factor 

k3  Grid spacer factor 

k4  Heated length factor 

k5  Axial flux distribution factor 

k6  Vertical flow factor 

Dh  Hydraulic diameter, [m] 

X  Equilibrium quality 

DH  Heated diameter, [m] 

L  Heated length from channel inlet, [m] 

ρg  Density of vapor, [kg/m3] 

ρf  Density of fluid, [kg/m3] 

(Q/A)BO CHF, [W/m2] 

hBO  Limiting film coefficient, [W/m2-˚C] 

TW  Temperature of the wall at CHF, [˚C] 

Tb  Bulk temperature of the fluid, [˚C] 

Dh  Hydraulic diameter, [m] 

DH  Heated diameter, [m] 

Δ  “Slope” 

Pabs  Pressure (absolute), [Pa] 

v  Velocity of the fluid, [m/s] 

qc  Critical heat flux [kW/m2] 

G  Mass flux [kg/m2-s] 

hi  Enthalpy at the inlet [kJ/kg] 

hf,o  Enthalpy of the fluid at the outlet [kJ/kg] 

hfg,o  Latent heat of vaporization, outlet [kJ/kg] 

σ  Surface tension [N/m] 
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L  Heated length [m] 

Afuel core  Area of the Molybdenum Element Fuel Core, [m2] 

Douter  Diameter of the Molybdenum Element’s outer cladding, [m] 

Dinner  Diameter of the Molybdenum Element’s inner cladding, [m] 

σθ  Stress caused by internal pressure, [Pa] 

P  Internal pressure within the Molybdenum Element, [Pa] 

b  Radius of a cylinder, [m] 

t  Cladding thickness of the Molybdenum Element, [m] 

bouter  Radius of the Molybdenum Element to the outer clad, [m] 

binner  Radius of the Molybdenum Element to the inner clad, [m] 

E  Young’s Modulus, [Pa] 

I  Second moment of area [m4] 

R  Radius of the tube [m] 

Vgas  Total gas volume within the Molybdenum Element, [m3] 

ngas  Number of moles of gas within the Molybdenum Element, [moles] 

Rgas  Universal gas constant, [J/mol*˚C] 

T  Temperature, [˚C] 

Aouter  Area of the Molybdenum Element’s outer flow channel, [m2] 

Pitch  Pitch of the OSTR core [m] 

Ainner  Area of the Molybdenum Element’s inner flow channel, [m2] 

K  Piping system loss coefficient 

ΔP  Change in pressure across a piping system, [Pa] 

ρ  Density, [kg/m3] 

v  Velocity, [m/s] 

d  Small diameter in a sudden expansion/contraction, [m] 

D  Large diameter in a sudden expansion/contraction, [m] 

k95  Thermal conductivity for 95% theoretical density fuel, [W/m*˚C] 

Bu  Burn-up, [GWd/MTU] 

f(Bu)  Effect of fission products in crystal matrix (solution), [GWd/MTU] 

g(Bu)  Effect of irradiation defects, [(GWd/MTU)2/3]] 

Q  Temperature dependence parameter, [˚C] 
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A  Constant, [m*˚C/W] 

a  Constant 

gad  Weight fraction of gadolinia [% mass] 

B  Constant, [m*˚C/W/˚C] 

E  Constant, [W*˚C/m] 

F  Constant, [˚C] 

kd  Thermal conductivity for a theoretical dense fuel, [W/m*˚C] 

d  Density of fuel as a fraction of total density, [% density] 

Cf  Specific heat capacity, [J/kg*˚C] 

VF  Volume fraction 

ρUO2  Density of UO2 [kg/m3] 

CP,UO2  Specific heat capacity of UO2 [J/kg*˚C] 

ρHe  Density of Helium [kg/m3] 

CP,He  Specific heat capacity of helium [J/kg*˚C] 

 

Acronyms 

Tc-99m  Technetium-99 metastable 

Mo-99   Molybdenum-99 

OSU   Oregon State University 

TRIGA®  Training, Research, Isotope, General Atomic 

OSTR   Oregon State TRIGA® Reactor 

UO2   Uranium oxide 

HEU   High enriched uranium 

LEU   Low enriched uranium 

CHF   Critical heat flux 

LOCA   Loss of coolant accident 

IAEA   International Atomic Energy Agency 

GFR   Gas Fast Reactor 

MNSR   Syrian Miniature Neutron Source Reactor 

RBMK   Reaktor Bolshoy Moshchnosti Kanalniy 

IPR-R1  Instituto de Pesquisas Radiativas – Reactor 1 
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MNRC   Davis McClellan Nuclear Radiation Center 

RC-1   Reattore Casaccia-1 

NRC   Nuclear Regulatory Commission 

OND   Onset of nucleate boiling 

DNB   Departure from nucleate boiling 

CHFR   Critical heat flux ratio 

AECL-UO  Atomic Energy of Canada Ltd. – University of Ottawa 

SAR   Safety analysis report 

UZrH   Uranium-zirconium hydride 

ICIT   In-core irradiation tube 

CLICIT  Cadmium-lined in-core irradiation tube 

BOL   Beginning of life 

MOL   Middle of life 

EOL   End of life 

HS   Heat structure 

SCRAM Reactor shutdown, “safety control rod axe man” 

CFD Computational fluid dynamics 
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element within the OSTR core. This LOCA event transient models a simplified case of 

one possible accident which may occur while a molybdenum element is present within 

the OSTR core. 

 

9.2 Approach 

The LOCA event analysis is performed by the use of RELAP5-3D “restart” decks. 

These decks function by loading the conditions found within an RELAP5-3D output 

file as initial conditions for a new simulation [7]. A total of four restart decks and four 

output decks were used to perform this LOCA event analysis. Each output deck loaded 

for an LOCA event scenario is similar to that of the steady-state results presented in 

Section 5.1, but includes a “cool down” period of varying length which models time 

between reactor SCRAM and core exposure. Reactor SCRAM power drop-off is 

modeled by the use of a general table which imposes powers aligned with Figure 9-1 

into the fuel material heat structure. A summary of each LOCA event scenario is 

displayed in Table 9-1. 

 

Table 9-1: LOCA event scenario results 

Control Variables LOCA event scenario 
I II III IV 

Cool-down period [s] 0 300 600 1200 
Power at core uncover [kW] 11.5522 0.335476 0.308559 0.27094 

 

Instantaneous core uncovering is modeled by the introduction of non-condensable gas 

qualities of 1.0 for all hydrodynamic volumes within each restart file. Nitrogen was 

chosen as the non-condensable gas species to be loaded within RELAP5-3D decks for 

this study as a means to model an air-only environment. The nitrogen gas modeled in 

this study is at a pressure of 101 kPa and a temperature of 42 ˚C. These conditions 

correspond with the atmospheric pressure value in Corvallis, Oregon, and the highest 

ever recorded ambient temperature in Corvallis, Oregon. 
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The “reflood” heat structure option, which allows for axial heat transfer to occur 

within a heat structure under specific conditions [7], is included in LOCA event 

scenarios. This option aids in preventing axial temperature “banding” to occur, 

wherein axially adjacent heat structures sub-volumes may considerably range in 

temperature while radially-adjacent sub-volumes experience near identical 

temperatures. The reflood option is restricted in its application to heat structures with 

adjacent hydrodynamic volumes with pressures lower than 1.2 MPa and void fractions 

(the volume fraction of gas to the total volume) greater than 0.1 [7]. These restrictions 

prevent the reflood option being included in other safety analyses performed within 

this study. 

9.3 Results 

As stated in section 1.2, the most important parameters dictating the safety of a 

molybdenum element are (1) maximum fuel temperature, (2) maximum cladding 

temperature, and (3) critical heat flux (CHF) ratios during steady-state operation. In a 

non-steady-state system, the values of the maximum fuel temperature and maximum 

cladding temperature as functions of time are the two most important parameters. 

These values are detailed for each LOCA event scenario in Table 9-2. 

 

Table 9-2: LOCA event scenario maximum temperatures 

Scenario Cool down 
time [min] 

Fuel temperature at 
core uncover [˚C] 

Maximum fuel 
temperature [C] 

Maximum clad 
temperature [C] 

I 0 105.77 650.51 650.35 
II 5 57.73 614.53 614.28 
III 10 54.80 598.01 597.86 
IV 20 53.26 575.39 575.24 

 

Table 9-2 indicates that more limiting thermal hydraulic parameters result from 

models with a decreased cool down periods. Due to the inclusion of the reflood option, 

the predicted temperature of each heat structure sub-volume within the fuel material is 

dependent upon the internal source profile within the entire heat structure and the 

cooling effectiveness of the inner channel and outer channel at every axial location. 
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Predicted maximum clad temperatures were of similar values to predicted maximum 

fuel temperatures and did not exceed 615 ˚C, 598 ˚C, and 576 ˚C during LOCA event 

scenarios II, III, and IV, respectively. These values did not exceed reached the melting 

temperature of aluminum referred to in Section 3.4 as 440 ˚C. 

 

The predicted maximum fuel temperature profiles presented in Figure 9-2 vary in 

temperature development with respect to time. This variation results from a difference 

in molybdenum element power levels as a function of time between each LOCA event 

scenario. The slow decrease in fuel temperature after peaking for each LOCA event 

scenario illustrates the slow rate at which molybdenum element power decreases via 

the ANSI/ANS 5.1-2005 standard after the initial power drop-off. 

 

RELAP5-3D predicted fuel material temperature profiles at peak temperature for each 

LOCA event scenario are presented in Figure 9-3, Figure 9-4, Figure 9-5, Figure 9-6, 

Figure 9-7, Figure 9-8, Figure 9-9, and Figure 9-10, respectively. 

 

The axial and radial “hot band” temperatures are presented in Figure 9-11, Figure 

9-12, Figure 9-13, and Figure 9-14. 
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The predicted fuel material temperature profiles presented in Figure 9-3 through 

Figure 9-10 indicate that maximum fuel temperatures develop within sub-volumes at a 

location near the heat structure’s topmost axial position. The development of a fuel 

“hot band” at this location indicates that effective cooling from the nitrogen coolant is 

not available at these axial locations. The development of a distinct curved profile 

within the fuel material indicates that heat is axially transferred from the hot band 

towards the bottommost sub-volumes where cooling is most effective. 

 

The predicted clad temperature profiles presented in Figure 9-3 through  Figure 9-10 

indicate that maximum cladding temperatures develop within sub-volumes at a 

location within the same hot band where maximum fuel temperatures develop. Clad 

sub-volumes adjacent to the outer channel within the hot band develop slightly higher 

temperatures than those sub-volumes adjacent to the inner channel. Sub-volumes 

which develop the highest clad temperatures indicate locations of elevated conductive 

heat transfer from the fuel material centerline and locations of limited cooling 

effectiveness from the nitrogen coolant. 

 

The cooling effectiveness provided to the molybdenum element clad sub-volumes is 

dependent upon the coolant properties in the inner channel and outer channel, 

respectively, at each hydrodynamic sub-volume. The coolant temperature and velocity 

profiles for each LOCA event scenario, presented in Figure 9-15, Figure 9-16, Figure 

9-17, Figure 9-18, respectively, display the coolant characteristics within the inner 

channel and the outer channel along the axial flow length. 
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Predicted coolant temperatures did not exceed 435 ˚C in the inner channel or 643 ˚C 

the outer channel. No temperature limits were associated with the single-phase 

nitrogen coolant in this study due to its gaseous state. Coolant temperatures in the 

outer channel rose to values higher than those in the inner channel and rose at a faster 

rate. The coolant temperature profiles in Figure 9-15 and Figure 9-17 indicate 

increasing temperatures along the axial flow length. This temperature profile resulted 

in decreased cooling effectiveness at the topmost heat structure sub-volumes due to 

lower temperature gradients between the clad and coolant. 

 

Predicted coolant velocities did not exceed 1.22 m/s in the inner channel and 0.98 m/s 

in the outer channel. Coolant velocity profiles indicate that a high degree of thermal 

expansion of the coolant occurred along the heated flow path. Coolant velocities in the 

outer channel were nearly twice those in the inner channel.  

 

Predicted coolant mass flow rates did not exceed 0.00032 kg/s in the inner channel and 

0.00012 kg/s in the outer channel.  

 

CHFR were not of concern to this analysis due to the lack of potential phase changes 

in the nitrogen coolant at the temperatures and pressures simulated. 

 

9.4 Closing 

This appendix examined the predicted results of a theoretical loss of coolant accident 

(LOCA) paired with an emergency reactor shutdown (SCRAM). In this postulated 

event, the OSTR is assumed to be continuously operating at a 1.1 MW steady-state 

power level, until a sudden leak in the OSTR’s bioshield occurs. An immediate 

SCRAM is assumed to take place as a result of leak detection, which causes reactor 

power levels to drop according to the ANSI/ANS 5.1-2005 standard for Decay Heat 

Power in Light Water Reactors.  
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As stated in section 1.2, the most important parameters dictating the safety of a 

molybdenum element are (1) maximum fuel temperature, (2) maximum cladding 

temperature, and (3) critical heat flux (CHF) ratios during steady-state operation. In a 

non-steady-state system, the values of the maximum fuel temperature and maximum 

cladding temperature as functions of time are the two most important parameters.  

 

Predicted maximum fuel temperatures during each of the LOCA event scenarios did 

not exceed 651 ˚C. This value is much larger in magnitude than that predicted for 

steady state conditions. This value is below the melting temperature of UO2 referred to 

in Section 3.4 of 2856 ± 30 ˚C. Furthermore, it is below the technical specification 

limit of 1,150 ˚C [32]. The profiles of observed fuel material temperatures indicated 

that the reflood option proved to be effective at allowing axial heat transfer within the 

axial sub-volumes of the fuel material. 

 

Predicted maximum clad temperatures during LOCA event scenario I did not exceed 

651 ˚C. This value approached but did not exceed the melting temperature of 

aluminum referred to in Section 3.4 as 660 ˚C.  

 

Predicted maximum clad temperatures did not exceed 615 ˚C, 598 ˚C, and 576 ˚C 

during LOCA event scenarios II, III, and IV, respectively. These values did not exceed 

the melting temperature of aluminum referred to in Section 3.4 as 660 ˚C. 

 

The assumed atmospheric nitrogen temperature had a pronounced effect on the 

predicted fuel material temperatures during each LOCA event scenario. It should be 

noted that the assumed temperature of the nitrogen, 42 ˚C, within this study is higher 

than the average temperatures maintained within the OSTR bay, 15 ˚C to 32 ˚C, and 

higher the year-averaged temperature of Corvallis, Oregon, of approximately 11.5 ˚C. 

 

The results from this conservative safety analysis study predicted safe maximum fuel 

temperatures and safe maximum clad temperatures for a molybdenum element 
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deployed within the OSTR hot channel at an integral power level of 1.1 MWth during a 

theoretical LOCA event. 
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10 APPENDIX B: FLOW BLOCKAGE ANALYSIS 

10.1 Description 

The predicted results of a flow blockage event are examined in this appendix. In this 

postulated event, the OSTR is assumed to be continuously operating at a 1.1 MW 

steady-state power level when an implemented molybdenum element becomes unable 

to transfer heat via its inner channel due to blockage. The inner channel is modeled as 

the blocked channel due to its larger flow area when compared to the outer channel. In 

addition, the selection of the inner channel for blockage approximates a more 

physically likely scenario given the geometry of the two flow channels. 

10.2 Approach 

During the blockage event, it is assumed that all mechanisms of heat transfer between 

the Molybdenum Element and the inner channel halt completely. This adiabatic 

boundary condition is modeled within RELAP by forcing the left boundary of the fuel 

material to read heat transfer rates from a general table. This table describes a heat 

transfer rate of zero (W/m2) for all time periods considered. 

 

No additional input changes are included in the simulation of this event, including any 

changes regarding the outer channel geometry or on the boundary condition between 

the fuel material and the outer channel. This modeling approach is used to simulate 

more limited mass flow rates in the outer channel as an alternative to allowing the 

outer channel to accommodate all possible coolant flow which could otherwise pass 

through the inner channel.  

10.3 Results 

Table 10-1 summarizes the determined results from the blockage event analysis in the 

manner described in Section 5.1. 
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Table 10-1: Blockage event results 

Steady-State Parameter Inner Channel 
Value 

Outer Channel 
Value 

Maximum fuel temperature [˚C] 224.40 
Maximum clad temperature [˚C] 224.40 126.09 
Minimum CHFR – 2006 look-up table -- 7.93 
Minimum CHFR – Bernath -- 4.84 
Minimum CHFR – Hall-Mudawar -- 14.68 
Channel outlet flow rate [kg/s] 0.0365 0.0833 
Channel outlet velocity [m/s] 0.0663 0.2261 
Exit Bulk coolant temperature [˚C] 49.00 84.61 
Exit Bulk coolant pressure [kPa] 147.35 147.32 
Maximum wall heat flux [kW/m2] 0.0 261.83 
 

Table 10-1 indicates that more limiting thermal hydraulic parameters result from the 

blockage event than from the steady-state results presented in Table 5-1.  

 

The predicted temperature of each heat structure sub-volume within the fuel material 

is dependent upon two key parameters: the internal source values in and around that 

sub-volume and the cooling effectiveness of the outer channel at the axial location of 

that sub-volume. The heat structure’s left adiabatic boundary condition results in the 

development of increased fuel and clad temperatures at the left boundary. Predicted 

temperatures for each sub-volume within the fuel material heat structure are presented 

in Figure 10-1 and Figure 10-2. The axial and radial “hot band” temperatures are 

presented in Figure 10-3 and Figure 10-4. 
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Predicted maximum fuel temperatures did not exceed 225 ˚C. This value is larger in 

magnitude than that predicted for steady state conditions, but well below both the 

melting temperature of UO2 referred to in Section 3.4 as 2856 ± 30 ˚C. Furthermore, 

the predicted maximum fuel temperature is well below the OSTR technical 

specification limit of 1,150 ˚C [32]. 

 

Predicted maximum cladding temperatures did not exceed 225 ˚C. This value is larger 

in magnitude than that predicted for steady state conditions, but well below the 

melting temperature of aluminum referred to in Section 3.4 as 660 ˚C.  

 

The predicted fuel material temperature profile presented in Figure 10-1 and Figure 

10-2 indicate that maximum fuel and clad temperatures develop within sub-volumes at 

a location against the heat structure’s left boundary and slightly above its axial 

centerline. The development of a “hot spot” at this location the unavailability of 

cooling at the heat structure’s left boundary. This hot spot axial location is congruent 

with the molybdenum element axial source profiles presented in Section 4.4. Hot spot 

radial location is caused by the heat structure’s adiabatic left boundary condition. 

 

The cooling effectiveness provided to the molybdenum element clad sub-volumes is 

dependent upon the coolant properties in the outer channel at each hydrodynamic sub-

volume. The coolant temperature and velocity profiles, presented in Figure 10-5 and 

Figure 10-6, respectively, display the coolant characteristics within the inner channel 

and the outer channel along the axial flow length. 
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Predicted coolant temperatures did not exceed 85 ˚C in the outer channel and did not 

vary from the inlet temperature of 49 ˚C in the inner channel. Coolant temperatures in 

the outer channel rose to values higher than those in the inner channel due to the 

adiabatic boundary condition between the inner channel and the fuel material. 

 

Predicted coolant velocities did not exceed 0.23 m/s in the outer channel or 0.067 m/s 

in the inner channel. Coolant velocity profiles indicate that only slight thermal 

expansion of the coolant occurred within the outer channel along the axial flow length. 

Coolant velocities in the outer channel were more than 300% of those in the inner 

channel. The driving force established by natural circulation between the fuel material 

and the outer channel caused entrainment within the inner channel with magnitudes of 

nearly two-thirds of steady-state inner channel coolant velocities. 

 

The areas of highest predicted heat flux appeared within the areas of highest predicted 

clad temperature at the heat structure’s right boundary. Given that the coolant velocity 

and pressure within the outer channel remained relatively constant, heat flux and 

temperature variations along the axial flow length had a large contribution on the 

predicted CHFR profiles presented in Figure 5-7. 
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10.4 Closing 

This appendix determined and characterized the thermal hydraulic aspects related to a 

theoretical blockage event involving an implemented molybdenum element within the 

OSTR core at a 1.1 MW steady-state power level. Limiting thermal hydraulic 

parameters include (1) maximum fuel temperature, (2) maximum cladding 

temperature, and (3) critical heat flux (CHF) ratios during steady-state operation. This 

objective was accomplished using RELAP5-3D version 2.4.2 through the development 

of a model representative of a single molybdenum element within the OSTR using the 

most conservative flow channel geometry possible – the OSTR’s B ring “hot channel,” 

and a forced adiabatic boundary condition between the molybdenum element fuel 

material and the inner channel.  

 

Predicted maximum fuel temperatures did not exceed 225 ˚C. This value is larger in 

magnitude than that predicted for steady state conditions, but well below the melting 

temperature of UO2 referred to in Section 3.4 as 2856 ± 30˚C. Furthermore, the 

predicted maximum fuel temperature is well below the OSTR technical specification 

limit of 1,150 ˚C [32]. 

 

Predicted maximum cladding temperatures did not exceed 225 ˚C. This value is larger 

in magnitude than that predicted for steady state conditions, but well below the 

melting temperature of aluminum referred to in Section 3.4 as 660 ˚C. 

 

The most conservative predicted MCHFR was 4.84 in the outer channel with the 

Bernath correlation. This minimum value is well within safe margins and correlates 

with the safe implementation of molybdenum elements within the OSTR core during 

steady state core operation. 
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Values from the Bernath and Groeneveld look-up table predicted more limiting 

CHFRs than those predicted from the Hall-Mudawar correlation. This difference may 

be due to low mass velocities (kg/m2-s) in the inner and outer channel which lie below 

the minimum value prescribed by the correlation. 

 

Examinations of the RELAP5-3D outputs indicate that the high surface area to volume 

ratio of the molybdenum element design provides very effective heat transfer from the 

fuel material to the coolant even when the outer channel provides the only form of 

cooling. Higher mass flow rates and velocities are maintained within the outer channel 

than in the inner channel. This difference may be attributed to the larger form loss 

calculated for the inner channel as opposed to those calculated for outer channel and to 

the natural circulation driving force present only in the outer channel. 

 

The results from this conservative safety analysis study predicted safe maximum fuel 

temperatures, maximum clad temperatures, and CHFRs for a molybdenum element 

deployed within the OSTR hot channel during a theoretical blockage event at an 

integral power level of 1.1 MWth. 
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