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SCALING ANALYSIS FOR EXAMINATION OF LOCAL 

PHENOMENON IN A PEBBLE BED REACTOR 

1. INTRODUCTION 

In addressing future energy needs the United States Department of Energy (DOE) is 

evaluating advanced nuclear reactor designs.  Among future designs are high 

temperature gas-cooled reactors (HTGRs).   HTGRs offer improved safety and higher 

energy efficiency than current light water reactor designs [1].    Before a specific HTGR 

design-the pebble bed reactor (PBR)-can be licensed in the US, more information must 

be researched about the in core coolant flow in order to ensure the safety of the reactor 

[2]. The DOE has specifically cited lack of understanding of local phenomenon such 

as core coolant flow, core bypass flow, and core coolant heat transfer as high research 

priorities in licensing an HTGR design [3].  These phenomenon are collectively known 

as core flow. 

Oregon State University (OSU) has built a high-temperature test facility (HTTF) 

capable of testing HTGR reactor designs and producing data to quantify these key 

phenomenon [4].  This facilities is less than full scale and therefore any reactor design 

requires a scaling analysis to preserve thermal hydraulic phenomenon for testing in the 

HTTF.   

The goal of this thesis is to conduct a scaling analysis on the Chinese high temperature 

reactor pebble bed reactor design (HTR-PM). The scaled reactor design maintains a 

full-scale thermal profile with reduced geometry and power input. The scaling is based 

around preserving the steady-state thermal hydraulic phenomenon on local unit cell 

core regions. These local phenomenon drive the core wide heat transfer and coolant 

flow. The theoretical distortions of these phenomenon will be quantified and discussed 

as a part of this thesis.   

The Chinese HTR-PM was assessed to be the most promising current HTGR reactor 

design as described in the Literature Review of this thesis.  The design of the Chinese 

reactor along with a description of pertinent previous research that has been conducted 

to understand pebble bed reactors is included.  
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To support this scaling work, computational fluid dynamics (CFD) models were 

constructed.  These models support the scaling by predicting the scaled parameters in 

the unit cell region which describe the fluid flow and heat transfer: Nusselt number, 

temperature, and drag. 

Research Objectives 

 Examine the applicability of the OSU HTTF to model the Chinese HTR-PM 

prototype by quantifying the distortion between the prototype and a hypothetical 

reconfigured OSU HTTF core, a high-temperature pebble-bed test facility 

(HTPBTF). This will be accomplished by performing the following: 

 Identify steady-state phenomenon that remain to be understood in a pebble-

bed reactors which could reasonably be modeled in a reconfigured OSU 

HTTF. 

 Provide a summary of significant packing structure, heat transfer, and fluid 

flow behaviors through empirical correlations based on fluid properties and 

porosity. 

 Develop non-dimensional number groups that describe the core 

phenomenon and evaluate these non-dimensional numbers in the full-scale 

HTR-PM for appropriate core regions. 

 Estimate, using non-dimensional ratios, the distortion that would occur 

between the full-scale prototype and a scaled pebble bed test facility based 

on the physical constraints of the OSU HTTF. 

 Demonstrate using CFD that the key steady-state phenomenon have been 

accurately scaled. 

 Provide key design parameters, based on the scaling and accompanying 

research for the designing of a high temperature pebble-bed test facility 

(HTPBTF). 

 Identify opportunities for future research in the pebble-bed reactor with an 

emphasis on Oregon State University and its test facilities. 
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HTR-PM Design 

The geometry of the HTR-PM follows other common HTGR designs [5].  A cylindrical 

barrel is filled with pebbles impregnated by fissionable fuel and coated to prevent 

radioactive particle release.  Helium gas is pushed from the top of the core through the 

pebbles, and exits at the bottom of the core.  Pebbles are continuously added and 

removed from the reactor at a specified rate.  The HTR-PM design includes an annular 

inner reflector.  This annular inner reflector will contain moderating graphite either in 

a fixed, or pebble configuration. A basic schematic of the main reactor core was 

provided by Tsinghua University, the primary investigator of the HTR-PM.  This 

schematic is shown in Figure 1. 

The HTTF could be reconfigured to hold a pebble bed core and simulate expected 

temperatures of the HTR-PM using resistive heaters.  The HTTF has a blower to model 

forced convection and provides elevated pressure.  The HTTF also provides sensing 

equipment that could be adapted to the HTR-PM model. The scaling of the HTR-PM 

will be based off of the parameters shown in Table 1 for the HTR-PM. 
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Figure 1 HTR-PM and HTR reactor design [6] 

Table 1 Design parameters for the HTR-PM [6] 

Parameter Value 

Reactor Power 458 MW 

Fuel Element Diameter 60 mm 

Average Power Density 4.75 𝑀𝑊/𝑚3 

Active Fuel Height 11 m 

Outer Core Diameter 4 m 

Inner Annulus Diameter 2.2 m 

Pressure Vessel Height 24 m 

Pressure Vessel Diameter 7 m 

Coolant Inlet 

Temperature 
250℃ 

Coolant Outlet 

Temperature 
750℃ 

Number of Control Rods 18 

Helium Flow Rate 176 kg/s 
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Assumptions 

This research will be theoretical and based on the laws of thermal hydraulics and fluid 

mechanics.  Therefore the scaling analysis requires only assumptions necessary to 

simplify the governing equations and establish parameters between the full-size 

prototype and scaled model.  These assumptions are: 

1. The OSU HTTF core will operate at the full temperature of the HTR-PM. 

2. The OSU HTTF core will use helium, the same working fluid as the HTR-PM. 

3. All equations and models will be steady-state. 

4. Material properties between the HTR-PM fuel and the proposed HTTF heaters 

are similar enough to be assumed equivalent. (Discussed in Material Properties 

section)  

5. The fuel pebble is a homogenous mixture of uranium and graphite coated by 

silicon carbide. 

For the CFD the same assumptions that are used in the scaling analysis will be used. 

There will also be several assumptions made to limit the scope of the CFD to within 

what is reasonably possible due to available computational resources. The assumptions 

are as follows: 

1. The power of each pebble will be based on the average output per pebble.  This 

removes neutronics and temperature feedback from the model. 

2. The porosity will vary as suggested by published literature and idealized 

packing will be used to model the regions of interest1 [7].  

Limitations 

Besides the assumptions that must be generally met for the scaling analysis to be 

applicable, the scaling analysis only applies to packed pebble beds with equal sized 

spheres and reactor cores with the same radial number of sphere diameters.  The 

                                                 

1 This practice has been show to produce erroneous values when compared to experimental methods.  

However the errors are shown to be reasonably such that idealized packing is considered industry 

standard.  This assumption will be discussed in this thesis [7]. 
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analysis also only properly models packed pebble beds with isotropic gas molecule 

scattering off of the surface of the spheres [8] [9].   

While future work may expand the scope of the model, the CFD model for scaling 

analysis will not involve a full core or radial slice, but pebble unit cells.  These unit 

cells will be of significant size to be representative without making the model 

computationally unfeasible.   
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2. SURVEY OF LITERATURE 

First this survey of literature covers previous work done in pebble bed reactors and 

highlights their areas of focus as applicable to this thesis.  PBRs have been evaluated 

several times for their feasibility with varying conclusions which must be noted here. 

Second is a summary of the Phenomenon Impact and Ranking Tables (PIRT), a report 

produced by the DOE.  This report ranks the current knowledge base of various topics 

vs. their importance and helps identify the research areas of highest priority.  

Third the outcomes of previous non-reactor research is summarized to better 

understand the current body of scientific knowledge.  This summary differs generally 

from previous reactor designs as it focuses on specific phenomenon as applicable to 

OSU centered facilities.  This research was typically produced in a non-nuclear test 

facility rather than a nuclear reactor. 

Finally, in order to conduct the work herein a thorough understanding of heat transfer, 

fluid flow and pebble packing in pebble beds is necessary.  A summary of the empirical 

correlations that will be used in this thesis that have been developed will be provided 

for the reader. 

Summary of Previous Work 

AVR Germany 

The German designed pebble bed reactor Arbeitsgemeinschaft Versuchsreaktor (AVR) 

(translated ‘working group experimental reactor’) is known as the first commercial 

electricity generating pebble bed reactor.  Designed by the Germans to investigate the 

advantages of pebble bed reactors such as increased safety, efficiency, fuel burn up 

etc.,  it operated at 15 MWe (46 MWt) from 1967 to 1988.  During this time empirical 

correlations and various experiments were tested. These empirical correlations were 

cited by Henri [10] and are used in this thesis.  

This prototype reactor could not produce enough data to make the PBR design widely 

accepted by the nuclear energy community. Due to coolant contamination based on 
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material properties of the fuel, the reactor was shut down before its license expired [1] 

[11]. 

PBMR South Africa 

The pebble bed modular reactor PBMR has been under development since 1994 by the 

South African company PBMR (Pty) [1].   This reactor design sought to reduce the 

likelihood of a nuclear accident using fuel design and material properties.  To this end 

this company began taking advantage of the latest computation abilities to produce 

CFD simulations of the system, the first of which was developed in 1999 [12].  

While the reactor design has not been built as of yet, the computational models 

developed are of significance to this thesis.  The models identified approximately 400 

MWt as an optimum reactor size.  The computer simulations for PBMR moved in-

house in 2000 and became unavailable to the public [13].  The public information 

showed by these models was limited by mesh size and computational power, and did 

not satisfy the safety criterion of the reactor [12]. 

HTR-10 China 

Simultaneous to the PBMR founding and design, the State Council of China began 

construction of the 10 MWt experimental pebble bed reactor in 1995 at Tsinghua 

University.  This reactor was meant as a scaled model to better understand the German 

AVR design [6]. 

Since that time the State Council of China has announced the construction of 400 MWt 

pebble bed reactor HTR-PM.  This reactor was announced after obtaining intellectual 

property from the South African PBMR and conducting their own validation of some 

of the PBMR computer simulations [14]. 

As was later released by the South African company, these computer simulations 

progress from the two-dimensional models to three dimensional, axi-symmetric models 

[13].  Using these simulations general thermal trends could be understood. 

Key to the Chinese HTR-PM core is the balance of the temperatures within the reactor 

pressure vessel and the core barrel maximum temperature which present design 

limitations for the reactor. Temperature issues were not as stressful in the 268 MWt 
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and 302 MWt designs [13].  Because of the choice to pursue a 458 MWt design [6]  

hotspots, core barrel and reactor pressure, and vessel temperatures all present more 

stringent design criterion and therefore require more computer simulation and stronger 

verification and validation of simulations.  These simulations are heavily based around 

core coolant flow and provide part of the motivation for this thesis. 

NGNP  

Because of the design considerations of next generation nuclear power plants (NGNP) 

and the relative newness of adequate computer resources there are large strides to be 

made in simulation and verification of simulations for pebble bed reactors.  The PBR 

design is widely considered one of the most advanced and difficult reactors to model 

[15].  Moving forward this creates great incentive and opportunities for computer 

simulation and test facilities of the Chinese HTR-PM and NGNP designs among the 

nuclear engineering community. 

PIRT Selection 

As identified by the DOE, reactor phenomenon are assigned an importance level [high 

(H), medium (M), or low (L)] along with a knowledge level [high (H), medium (M), or 

low (L)]. If a particular area of understanding is assigned a high priority but low 

knowledge, then it is likely that more research needs to be performed before this reactor 

type can be licensed by the NRC.    

From these tables it can be seen that the coolant flow during normal operation is of 

high concern to the NRC.  In areas where coolant flow is low hot spots develop in the 

reactor.  Understanding hot spot maximum temperature and some estimation of the 

occurrence in a randomly packed core is necessary for safe reactor operation. Because 

understanding the coolant flow, core bypass flow, and wall effects on coolant flow was 

repeatedly ranked as important by the PIRT reports it was chosen as the phenomenon 

of interest for this thesis. The full tables are provided in the citations to this thesis [16].  

The scaling is conducted around these phenomenon so that a reduced scale test facility 

could model core flow. 
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Table 2 PIRT summary table 

PIRT 

Table 
ID No. 

Issue (phenomena, 

process, etc.) 
Comments Importance Knowledge Level 

2.1 1 Core coolant bypass flow. Determines active core cooling; affects maximum 

fuel temperature. 

H L 

2.1 2 Core flow distribution, 

flow in active core. 

Determines fuel operating temperatures. Assumes 

known bypass flows. 

H M 

2.1 8 Pebble bed core wall 

interface effects on bypass 

flow. 

Diversion of some core cooling flow. 

Number of pebbles across impacts interface 

effects. 

H L 

2.1 10 Coolant heat transfer 

correlations. 

Determines core temperatures. H M 

2.1 16 Effective fuel element 

thermal conductivity. 

Affects core maximum temperatures during 

operation. 

H M 
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 Applicability of Previous Works in Regard to Local Phenomenon 

Out of previous reactor designs have come specific projects that produced research 

important to this thesis and have specific application to the PIRT phenomenon 

highlighted above.  Their impact and limitations in regard to local phenomenon will be 

discussed here. 

OSU Centered Research 

When the OSU HTTF was originally designed it was planned as a possible test facility 

for both prismatic core and pebble bed core configurations.  Although the prismatic 

core eventually took priority over the pebble bed, work was still done to scale the 

pebble bed core to the OSU HTTF [4].  This work was continued in the thesis by Ben 

Nelson where key geometry were scaled by Nelson to maintain loop flow properties 

[17]. 

The original scaling report by OSU faculty included scaling analysis for various 

scenarios including transient accident scenarios.  It also scaled parameters for areas 

outside of the core.  [4].  

The thesis presented by Nelson focused heavily on loop flow conditions.  Parameters 

such as pebble diameter, core radius, and flow velocity were chosen to maintain overall 

core time scales, mass transfer, and heat flow [17].   

Both bodies of work provide important information that is cited several times 

throughout this thesis.  Both provide boundary conditions and background information 

for the developed unit-cell models. 

Pebble Bed Core Packing Research 

Computational limits have been a stymying force for PBR designs [13].   Several recent 

models that push computational limits by Lee [18], Li [19], Visser [20], and Wu [21] 

focus on PBR cores and provide updates to the original heat transfer and fluid flow 

correlations.   

Lee focused on different computational methods to evaluate pebble beds, in particular 

Reynolds-averaged Navier Stokes methods vs. large eddy simulations.  Lee found that 
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RANS methods over-predicted drag but for theoretical studies was generally acceptable 

[18]. 

Yanheng provided a very advanced method for solving pressure drop and bypass flow 

in a packed bed with uniform temperature.  His method coupled pebble packing with 

the fluid flow based on the drag forces of the flow. Yanheng’s results compared much 

better to benchmark data than previous work and is identified as important by the PIRT 

[19] [22] [23]. 

Visser created computer simulations that were more advanced than previous work in 

their incorporation of porosity in pressure drop and radial temperature profile. These 

models identified the exponential vs. the oscillatory2 as the preferred model for core 

porosity. [20].  

Wu investigated bulk flow methods with simplified porous geometry vs. the pebble 

geometry analyzed with CFD.  He found that in order to determine local cell behavior 

CFD analysis was the best tool and a porous approach was not valid [21]. 

Results from these models were used to select the area of the core of most importance 

for local modeling, namely hexagonal packing regions that can model the majority of 

the core.   

Packed Bed Granular Flow Research 

A general increase in knowledge surrounding packed beds was presented by Bakx.  

Originally packed bed behaviors such as pressure drop was presented by Ergun [24] 

and Darcy [25].  Achenbach revisited these equations and provided some numerical 

data and experiments for their validation using a system of packed beds to 

experimentally measure porosities and then present pressure drops for these packed 

beds or “packed columns” [26]. Bakx created computer simulations with the intent of 

modelling Achenbach’s work.  These simulations matched Achenbach’s work 

reasonably and both authors are cited in the correlations used in this thesis. 

                                                 

2 Oscillatory vs. exponential models have not previously discussed in this thesis but are addressed in the 

Packing of Pebbles for Application of Local Phenomenon section. 
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The correlations used for these models are used here for predicting core fluid flow and 

pressure drop over a unit-cell. 

Packing of Pebbles for Application of Local Phenomenon 

The packing of pebbles has a significant impact on heat transfer and coolant flow. 

Purely analytical formulations rely too heavily on the uniformness of the unit cell that 

is used to describe the packing of any pebble bed on the pebble-sized scale [10]. 

Random empirical models have been produced to classify the packing of the pebbles. 

These packing regimes are used by all previous cited work to predict fluid flow, heat 

transfer, and pebble movement using porosity.   

The porosity is defined as the fraction of gas vs. solid for a given line, surface, or 

volume.  The equation below demonstrates how porosity is calculated using volume.  

 𝜀 =
𝑉𝑔𝑎𝑠

𝑉𝑡𝑜𝑡𝑎𝑙
 (2-1) 

In contrast the sphere density can be expressed in terms of 𝜌. 

𝜌𝑠𝑜𝑙𝑖𝑑 =
𝑉𝑠𝑜𝑙𝑖𝑑

𝑉𝑡𝑜𝑡𝑎𝑙
 (2-2) 

The summation of porosity and density will equal one.  

The pebble bed core, based on computation and empirical data, can be divided into 

three core sections based upon the radial distance from the wall in terms of sphere 

diameter.  To show this the data, both computationally generated and collected data 

from several sources, was provided by Antwerpen and is shown in Figure 2 [27]. 

Between the region of central packing and the extreme near wall region the behavior 

of the spheres has been studied and found to be an oscillatory behavior.  This behavior, 

when averaged can be well modelled with exponential functions [28].   
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The three regions are the central region(> 5 𝑑), the average region(> 0.20 𝑑, < 5 𝑑), 

and the near-wall region(< 0.20 𝑑)3. These regions are established as such because 

they mark where different thermal-hydraulic correlations are valid [29].  The porosity 

can be modeled with a core wide equation shown in the equations (2-3) - (2-6) [28]. 

 

Figure 2 Porosity oscillation across and annular pebble bed core [27] 

 𝜀(𝑟) = 2.14𝑟2 − 2.53𝑟 + 1         𝑟 ≤ 0.637 (2-3) 

 
𝜀(𝑟) = 𝜀𝑏 + 0.29 𝑒−0.6𝑟 ⋅ [cos(2.3𝜋(𝑟 − 0.16))] + 0.15𝑒0.9    

 𝑟 > 0.637 
(2-4) 

 𝑟 =
𝑥 − 𝑅𝑖

𝑑
,     𝑅𝑖 ≤ 𝑥 ≤

𝑅𝑜 + 𝑅𝑖

2
 (2-5) 

                                                 

3 There is some ambiguity in the definition of the extreme near-wall region because correlations have 

some overlap in their areas of applicability.  Normally the near-wall region will be regarded as <0.2 𝑑𝑝𝑒𝑏  

however it can include up to < 0.25 𝑑𝑝𝑒𝑏 depending on the correlation.   
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 𝑟 =
𝑅𝑜 − 𝑥

𝑑
,   

𝑅𝑜 + 𝑅𝑖

2
≤ 𝑥 ≤ 𝑅0 (2-6) 

The above equation holds true for most experimental data.  When the more accurate 

porosity is required the central region (denoted by subscript c), the near-wall region 

(denoted by subscript w), and the average region (denoted by subscript t) can be 

described by  

 𝜀𝑐 = 𝜀𝑤 −
𝜀𝑤 − 𝜀𝑡

(1 − 𝑟)2
 (2-7) 

 𝜀𝑤 = 63.6 (
𝐷

𝑑𝑝𝑒𝑏
+ 15)

−2

+ 0.43 (2-8) 

 𝜀𝑡 = 0.78 (
𝑑𝑝𝑒𝑏

𝐷
)

2

+ 0.375 (2-9) 

For the purpose of computer modeling the minimum, maximum, and average porosity 

throughout the core will be used to evaluate scaling.  These three porosities are similar 

to three idealized sphere packings of hexagonal packing lattice (2-10), tetrahedral 

packing lattice (2-11), and hexagonal close packing lattice (2-12).  The unit cells for 

these lattices are shown in Figure 3-Figure 5. In some of these figures multiple images 

are shown.  These images are shown to help the reader visualize the geometry.  The 

exact cell used in the computer modeling will be defined in the CFD section. 
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Figure 3 Hexagonal packing lattice unit cell 

 

Figure 4 Tetrahedral packing lattice unit cell 

   

Figure 5 Hexagonal close packing lattice unit cell 

Included with the geometry is the coordination number (or number of adjacent spheres) 

for each geometry as shown in Error! Reference source not found.. 
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Table 3 Coordination number of idealized geometries 

Geometry Coordination Number Porosity  

(Calculated below) 

Tetrahedral 4 𝜀𝑡𝑝 = 0.6599 

Hexagonal 8 𝜀ℎ𝑝 = 0.3954 

Hexagonal Close Packing 12 𝜀ℎ𝑐𝑝 = 0.2595 

 

 𝜀𝑡𝑝 = 1 −
𝜋√3

16
= 0.6599 (2-10) 

 𝜀ℎ𝑝 = 1 −
𝜋

3√3
= 0.3954 (2-11) 

 𝜀ℎ𝑐𝑝 = 1 −
𝜋

3√2
= 0.2595 (2-12) 

Figure 6 shows the upper, lower and average porosities that these analytical sphere 

packing schemes will model.   

 

 

Figure 6 Porosity across the core with analytic porosities over-layed 
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Selection of Heat Transfer Empirical Models 

Heat transfer mechanisms in the reactor include: forced convection from the pebbles to 

the gas, forced convection from the wall to the gas, pebble to pebble conduction, pebble 

to pebble radiation, pebble to wall conduction, and pebble to wall radiation [26] [27] 

[30] [10] [29] [14].  Because of simplifications and the focus of the thesis only the 

convection correlation off of pebbles is needed and described below.  Long-range 

radiation within the core is currently ignored because of low importance [31] [20]. Also 

ignored is the heat transfer stored into stagnant gas in interstitial voids. 

Antwerpen showed that interstitial gas will store minimal energy and therefore isn’t as 

important as the heat that will be transferred between the pebbles across the void [27].   

Van de Meer performed a study of long range radiation in the core.  In the steady-state 

forced convection flow, this long term radiation is several orders of magnitude less than 

the other forms of heat transfer [31]. 

Similarly all other forms of conduction and radiation on the local cell unit are several 

orders of magnitude lower than convection heat transfer during steady-state operation 

[31] . 

Pebble to Gas Convection Heat Transfer 

Several empirical heat transfer models have been developed and evaluated [27] [10] 

[30] [29].  The most universally summarized model after numerous evaluations was 

given by Yamoah [29] and will be used here.  Q represents the overall heat transfer off 

of the pebbles 

 𝑄 = 𝛼𝐴(𝑇𝑝𝑒𝑏 − �̅�𝑔𝑎𝑠) (2-13) 

 𝛼 =
𝑁𝑢 ⋅ 𝑘𝑔𝑎𝑠

𝑑
 (2-14) 

 𝑁𝑢 = 1.27
𝑃𝑟1/3

𝜀1.18
𝑅𝑒0.36 + 0.033

𝑃𝑟1/2

𝜀1.07
𝑅𝑒0.86 (2-15) 
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Additionally equation (2-15) is a secondary relationship that also predicts core 

convection with reasonable accuracy. [27] [10] 

Selection of Fluid Flow Empirical Models 

The pressure drop and drag coefficients are needed for the scaling analysis.  The drag 

coefficient can be derived from the pressure drop. The pressure correlation is shown 

below and is based on the three porosity regions given [26] [29] [24] [25]. 

 Δ𝑃 = 𝜓
𝐻

𝑑

1 − 𝜀

𝜀2

1

2𝜌𝑔𝑎𝑠
(

�̇�

𝐴𝑐𝑜𝑟𝑒
)

2

 (2-16) 

 
𝜓 =

320

𝑅𝑒
1 − 𝜀

+
6

(
𝑅𝑒

1 − 𝜀)
0.1 

(2-17) 

Understanding that   

𝑓𝑑𝑟𝑎𝑔 =
1

2
𝐶𝑑𝜌𝑣2𝐴𝑓𝑙𝑜𝑤 (2-18) 

𝑓𝑑𝑟𝑎𝑔 = Δ𝑃 ⋅ 𝐴𝑓𝑙𝑜𝑤 (2-19) 

Using this relationship the coefficient of drag can be found. 

1

2
𝐶𝑑𝜌𝑣2𝐴𝑓𝑙𝑜𝑤 = 𝜓

𝐻

𝑑

1 − 𝜀

𝜀2

1

2𝜌
(

�̇�

𝐴𝑓𝑙𝑜𝑤
)

2

⋅ 𝐴𝑓𝑙𝑜𝑤 (2-20) 

�̇�

𝐴𝑓𝑙𝑜𝑤
= 𝜌 ⋅ 𝑣 (2-21) 

1

2
𝐶𝑑𝜌𝑣2𝐴𝑓𝑙𝑜𝑤 = 𝜓

𝐻

𝑑

1 − 𝜀

𝜀2

1

2𝜌
(𝜌 ⋅ 𝑣)2 (2-22) 

𝐶𝑑 = 𝜓 ⋅
𝐻

𝑑
⋅

1 − 𝜀

𝜀2
 (2-23) 
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Here the equation must be simplified knowing that the characteristic length term is 

equal to one when examining pressure drop across a single pebble for local 

phenomenon. The porosity term is also a core-average term and can be neglected on 

the local level. This makes the final drag coefficient shown in (2-25). 

(
𝐻

𝑑
)

𝑙𝑜𝑐𝑎𝑙
=

2𝑑

𝑑
= 2 (2-24) 

𝐶𝑑 = 2 ⋅ 𝜓 = 2 ⋅ (
320

𝑅𝑒
1 − 𝜀

+
6

(
𝑅𝑒

1 − 𝜀)
0.1) (2-25) 
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3. SCALING ANALYSIS 

Scaling Methodology 

To conduct scaling several methodologies have been developed.  The end goal of 

scaling is to produce non-dimensional numbers, including Reynolds, Nusselt, etc. that 

can quantify the difference between a full-sized prototype and scaled model.   

Previously scaling has been conducted on the OSU HTTF by hierarchal two-tiered 

scaling (H2TS) method.  H2TS is generally used for the scaling of multiple systems 

and is not the best approach for scaling local phenomenon.  Instead a general scaling 

method is here conducted by selecting non-dimensional parameters and arranging the 

equation to produce non-dimensional numbers.  For this thesis the general method will 

be used and follows the steps shown below [32]. 

1. Identify the governing equations for the desired phenomenon. 

2. Identify the number of parameters in the equations that can include 

dimensional variables, non-dimensional variables, and dimensional constants. 

3. Express these parameters in terms of their primary dimensions. 

4. Evaluate and guess the expected number of PIs.  Usually this is done using a 

formula of the number of parameters minus the number of primary dimensions 

however experience in scaling is often more value than a rigid formulation. 

5. Choose repeating parameters.  While it is possible to obtain a non-dimensional 

form of the equation, to result in useful PI groups the repeating parameters 

must be chosen based upon knowledge available for the given engineering 

problem. 

6. Combine repeating parameters to create PI groups. 

7. Check PI groups for being non-dimensional, and that a single PI group is not 

merely a function or reformulation of another PI group. 

Analysis 

The scaling analysis here is conducted theoretically using the above cited correlations, 

governing equations, and scaling methodology.  First the parameters that will be scaled 

are derived from the governing equations.  Next reactor geometry, material choices, 
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and rationale will be explained to evaluate the developed parameters numerically.  

Finally the developed relationships will be summarized and their numerical equivalents 

calculated. 

Governing Equations 

Navier-Stokes Equation for Gas Phase 

The Navier-Stokes equation is a fluid mechanics equation that models the flow of fluid.  

It is based on the conservation of momentum and energy and assumes the fluid is 

continuous on the scale of interest which is valid for the PBR.  The general form of the 

Navier-Stokes equation can be seen in (3-1). 

 𝜌 (
𝐷�⃑�

𝐷𝑡
) = −ΔP + ρ�⃑� + 𝜌𝑓 + ∇ ⋅ 𝑇 (3-1) 

On the left-hand side of this equation is the storage term containing the density and 

material derivative. Since the goal of this thesis is to model steady state conditions the 

transient portion of the material derivative can be excluded. 

On the right hand side the first term Δ𝑃 is the pressure gradient across the volume of 

interest.  In a pebble bed unit cell the force over the local volume is modeled by drag 

so the Pressure drop term is neglected. 

The term 𝜌�⃑� represents the gravity effects. Because forced convection is in the 

direction of gravity and is orders of magnitude greater this term can be neglected.  This 

term would be added in the case of natural convection during accident scenarios. 

The 𝜌𝑓-term is the sum of free-body forces upon the fluid with f being force per unit 

mass.  The Helium in the core experiences drag flowing around the spherical fuel 

elements.  

The final ∇ ⋅ 𝑇 is the internal viscous forces term.  This term describes how the forces 

between the particles affect the fluid as it flows.   
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Important to note is that here the Navier-Stokes equation is being scaled, not solved.  

This means that no assumptions need to be made about dimensionality.  Therefore the 

equation will continue to be expressed in its three-dimensional form. 

The final form of the Navier-Stokes equation that governs the fluid flow in the PBR 

system in the local cell region is shown in (3-2) with the material derivative simplified 

to steady state. 

 𝜌 (𝑣(𝑟)
𝑑𝑣(𝑟)

𝑑𝑟
) = 𝜌𝑓 + ∇ ⋅ 𝑇𝑠 (3-2) 

The parameters that will be used to non-dimensionalize the Navier-Stokes equation are 

Del operator in space: ∇+= ∇ ⋅ 𝑑𝑜 (3-3) 

Diameter: 𝑑+ =
𝑑

𝑑𝑜
 (3-4) 

Velocity: 𝑣 ⃗⃗⃗ ⃗+ =
�⃗�

𝑣𝑜⃗⃗⃗⃗⃑
 (3-5) 

Density: 𝜌+ =
𝜌

𝜌𝑜
 (3-6) 

Free-body Force: 𝑓+ = 𝑓 ⋅
𝑑𝑜

𝐶𝑑𝑣𝑜
2

              (3-7) 

Dynamic Viscosity: 𝜇+ =
𝜇

𝜇𝑜
 (3-8) 

Stress Tensor: 𝑇𝑠
+ = 𝑇𝑠

𝑑𝑜

𝜇𝑜𝑣𝑜⃗⃗⃗⃗⃑
 (3-9) 

These values can then be inserted into the Navier-Stokes equation.   

 𝜌𝑜𝜌+ (𝑣𝑜⃗⃗⃗⃗⃑�⃑�+ (
∇+

𝑑𝑜
⋅ 𝑣𝑜⃗⃗⃗⃗⃑�⃑�+ )) = 𝑓+𝜌+ ⋅

𝐶𝑑𝑣𝑜
2𝜌𝑜

𝑑𝑜
+

∇+

𝑑0
⋅ 𝑇𝑠

+
𝜇𝑜𝑣𝑜⃗⃗⃗⃗⃑

𝑑𝑜
 (3-10) 
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Then the equation is gathered.  

 
𝜌𝑜𝑣𝑜⃗⃗⃗⃗⃑

2

𝑑𝑜
𝜌+(�⃑�+(∇+ ⋅ �⃑�+)) =

𝐶𝑑𝑣𝑜⃗⃗⃗⃗⃑
2

𝜌𝑜

𝑑𝑜
𝑓+ +

𝜇𝑜𝑣𝑜⃗⃗⃗⃗⃑

𝑑𝑜
2

∇+𝑇𝑠
+ (3-11) 

The entire equation can then be divided out by like terms to find any non-dimensional 

parameters that exist. 

 𝜌+(�⃑�+(∇+ ⋅ �⃑�+)) = 𝐶𝑑𝑓+ +
𝜇𝑜

𝜌𝑜𝑑𝑜𝑣𝑜⃗⃗⃗⃗⃑
∇+𝑇𝑠

+ (3-12) 

As can be seen remaining is the Reynolds number and the non-dimensional drag. 

 𝑅𝑒 =
𝜌𝑜𝑑𝑜𝑣𝑜⃗⃗⃗⃗⃗

𝜇𝑜
 (3-13) 

 𝑓𝑛𝑑 = 𝐶𝑑 (3-14) 

Heat Equation for Gas 

 𝜌𝐶𝑝 (
𝐷𝑇

𝐷𝑡
) = −∇ ⋅ q′′ + q′′′ + βT

𝐷𝑝

𝐷𝑡
+ Φ (3-15) 

The heat equation is derived from Fourier’s Law and conservation of energy of a unit 

volume of fluid.  The heat equation begins with the material derivative of an intensive 

property on the left hand side. Here the intensive property is of Temperature.  For the 

case of the PBR only steady state conditions will be evaluated. 

On the right hand side of the equation the first term represents heat flux through the 

material.  Importantly this equation is not the balance of energy between the solid and 

the sphere but rather the energy transferred within the helium.  Therefore the only heat 

flux of concern is the transfer of heat through conduction within the helium. 

It is known that helium is not generating heat.  Therefore the heat generation term 𝑞′′′ 

will be removed. In some cases the radiation heat transfer from the pebble to the gas is 

treated as a heat generation term.  However because it will be orders of magnitude less 

than convection it is ignored. 
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The pressure term 𝐷𝑝/𝐷𝑡 is another multi-dimensional derivative that describes how 

the fluid changes temperature as it expands or contracts through the unit cell.  This term 

can be ignored when the fluid is incompressible.  While helium is a compressible gas 

over the volume of a single unit cell, since the temperature change is so small, its 

change in density will not contribute a significant change to the heat equation. This 

assumption has been validated by other computer simulations [33].  

The Φ term is the dissipation energy inside of the fluid.  This term is important 

whenever the velocity gradient is extremely large.  This likely happens in the extreme 

near wall region (< 0.2 𝑑𝑝𝑒𝑏) which is not an area of interest in this work. Therefore 

the dissipation term can be neglected.  

 𝜌𝑐𝑝 (�⃑�(∇ ⋅ �⃗⃑�)) = ∇(𝑘∇ ⋅ 𝑇) (3-16) 

The following terms will be made dimensionless 

Del operator in space: ∇+= ∇ ⋅ 𝑑𝑜 (3-17) 

Temperature: 𝑇+ =
𝑇

𝑇𝑜
 (3-18) 

Velocity of gas: 𝑣 ⃗⃗⃗ ⃗+ =
�⃗�

𝑣𝑜⃗⃗⃗⃗⃑
 (3-19) 

Heat transfer coefficient of the gas: 𝑘+ =
𝑘

𝑘𝑔𝑎𝑠
 (3-20) 

Density of the gas: 𝜌+ =
𝜌

𝜌𝑜
 (3-21) 

Specific heat of the gas: 𝐶𝑝
+ =

𝐶𝑝

𝐶𝑝𝑜
 (3-22) 

These dimensionless values are then inserted into the governing equation which is then 

simplified and the appropriate terms are gathered and then divided through. 
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 𝜌𝑜𝜌+𝐶𝑝𝑜𝐶𝑝
+ (𝑣𝑜⃗⃗⃗⃗⃑�⃑�+ (

∇+

𝑑𝑜
⋅ 𝑇+ ⋅ 𝑇𝑜)) =

∇+

𝑑𝑜
(𝑘+𝑘𝑔𝑎𝑠

∇+

𝑑𝑜
⋅ 𝑇+ ⋅ 𝑇𝑜) (3-23) 

 
𝜌𝑜𝐶𝑝𝑜𝑣𝑜⃗⃗⃗⃗⃑𝑇𝑜

𝑑𝑜
𝜌+𝐶𝑝

+(�⃑�+(∇+ ⋅ 𝑇+)) =
𝑘𝑔𝑎𝑠𝑇𝑜

𝑑𝑜
2

∇+(𝑘+∇+ ⋅ 𝑇+) (3-24) 

 𝜌+𝐶𝑝
+(�⃑�+(∇+ ⋅ 𝑇+)) =

𝑘𝑔𝑎𝑠

𝜌𝑜𝐶𝑝𝑜𝑣𝑜⃗⃗⃗⃗⃑𝑑0
∇+(𝑘+∇+ ⋅ 𝑇+) (3-25) 

The gathered term is known as the Pecelt number, which is actually a combination of 

the Reynolds number and the Prandtl number, which is expressed below.  This term 

again becomes a scaling parameter. 

 𝑃𝑒 = 𝑅𝑒 ⋅ 𝑃𝑟 =
𝜌𝑜𝑣𝑜⃗⃗⃗⃗⃗𝑑𝑜

𝜇𝑜
⋅

𝐶𝑝𝑜𝜇𝑜

𝑘𝑔𝑎𝑠
=

𝜌𝑜𝐶𝑝𝑜𝑣𝑜⃗⃗⃗⃗⃗𝑑𝑜

𝑘𝑔𝑎𝑠
 (3-26) 

Heat Equation for Solids 

In modeling the fluid flow and maximum temperature in the PBR the solid of concern 

is the fuel pebble. For the solid heat equation there will be an energy generation term 

which is expressed as 

 𝜌𝐶𝑝 (
𝐷𝑇

𝐷𝑡
) = −∇ ⋅ 𝑞′′ + 𝑞′′′ (3-27) 

The heat flux is expanded for the thermal conductivity that is the dominant flux in the 

sphere.  This creates the basis for the non-dimensionalization. 

 𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
= −∇(−𝑘∇ ⋅ 𝑇) + 𝑞′′′ (3-28) 

 ∇(𝑘∇ ⋅ 𝑇) + 𝑞′′′ = 0 (3-29) 

Del operator: ∇+= ∇ ⋅ 𝑑𝑜 (3-30) 
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Temperature: 𝑇+ =
𝑇

𝑇𝑜
 (3-31) 

Heat transfer coefficient of the homogenous 

Triso Fuel Pellet: 
𝑘+ =

𝑘

𝑘𝑜
 (3-32) 

Heat generation of TRISO pellet: 𝑞′′′+ =
𝑞′′′

𝑞𝑜
′′′

 (3-33) 

Substituting these values into the heat equation and simplifying. 

 
∇+

𝑑𝑜
(𝑘+𝑘𝑜

∇+

𝑑𝑜
⋅ 𝑇+ ⋅ 𝑇𝑜) + 𝑞′′′+ ⋅ 𝑞𝑜

′′′ = 0 (3-34) 

 ∇+(𝑘+∇+ ⋅ 𝑇+) +
𝑞𝑜

′′′𝑑𝑜
2

𝑘𝑜𝑇𝑜
𝑞′′′+ = 0 (3-35) 

 Π𝑐𝑜𝑛𝑑+𝑔𝑒𝑛 =
𝑘𝑜𝑇𝑜

𝑞𝑜
′′′𝑑𝑜

2
 (3-36) 

Boundary Conditions for Solid to Gas Interface 

The boundary conditions allow energy to be transferred between the solid phase and 

the gas phase and provides the physics behind the pebble, reactor vessel, and gas 

temperatures.  The boundary condition is kept in spherical terms with the reference 

frame located at the pebble center.  The boundary condition is developed heuristically 

by evaluating the means in which heat can be transferred in the form of a flux off of 

the surface of the pebble.  Long-range radiation from within the sphere is assumed to 

be negligible.  Equation 4-37 shown below summarizes the heat transfer mechanisms 

of importance for this thesis. 

𝑞′′ = ℎ𝑔𝑎𝑠(𝑇𝑝𝑒𝑏 − 𝑇𝑔𝑎𝑠) + 𝜀𝑟𝜎(𝑇𝑝𝑒𝑏
4 − 𝑇𝑝𝑒𝑏−𝑐

4 ) + 𝜀𝑟𝜎(𝑇𝑝𝑒𝑏
4 − 𝑇𝑤𝑎𝑙𝑙

4 )

+ 𝑘𝑒𝑓𝑓∇ ⋅ 𝑇|𝑝𝑒𝑏𝑏𝑙𝑒𝑠 − 𝑘𝑝𝑒𝑏∇ ⋅ 𝑇|𝑤𝑎𝑙𝑙 + ℎ𝑔𝑎𝑠(𝑇𝑔𝑎𝑠 − 𝑇𝑤𝑎𝑙𝑙) 
(3-37) 

In the core region there are six modes of heat transfer that are important.   
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The first term in the equation on the right-hand side is the convection off of the sphere 

surface.  During steady-state operation, the focus of this thesis, this is the most 

important term and will be the only one non-dimensionalized [26]. 

The second and third terms represent radiation heat transfer.  Because of the high 

temperature in pebble beds radiation becomes an important heat transfer mechanism in 

accident scenarios.  The radiation is broken up into two terms modeling the radiation 

between adjacent (coordinated) pebbles (𝑇𝑝𝑒𝑏−𝑐) and the radiation between the pebbles 

and the wall.  These radiation terms, when developed empirically, become an effective 

conductivity [26] [29]. 

The next two terms model the conduction between pebbles and the conduction between 

pebbles and the wall.  This conduction also becomes important in transient scenarios 

and where stagnant gas fills the interstitial voids.  Because the gas has a low heat 

capacity in comparison with the pebbles the conduction between pebbles includes both 

direct contact conduction, and a parallel conduction across voids through the gas [26] 

[29]. 

The final term is a convection term of heat transfer between the wall and the gas.  

Because this is not the primary heat transfer it is not of major concern during steady 

state operations.  Also the modelling of this heat transfer is extremely complex due to 

random pebble positions in the extreme near-wall region which isn’t being modelled 

for this thesis. 

Because of conservation of energy at the surface the heat flux off of the pebble surface 

must equal to the heat flux to the pebble surface due to conduction from inside the 

pebble.  Setting the heat flux off of the surface equal to the internal conduction the 

simplified heat equation becomes 

 𝑞′′ = 𝑘𝑝𝑒𝑏∇ ⋅ 𝑇|𝑟=𝑅 = ℎℎ𝑒𝑙𝑖𝑢𝑚(𝑇𝑝𝑒𝑏 − 𝑇ℎ𝑒) (3-38) 

This can then be non-dimensionalized. 

Del operator: ∇+= ∇ ⋅ 𝑑𝑜 (3-39) 
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Temperature: 𝑇+ =
𝑇

𝑇𝑜
 (3-40) 

Effective heat transfer coefficient of the 

TRISO fuel pebble: 
𝑘𝑝𝑒𝑏

+ =
𝑘𝑝𝑒𝑏

𝑘𝑝𝑒𝑏
𝑜  (3-41) 

Helium convection coefficient: ℎℎ𝑒
+ =

ℎℎ𝑒

ℎℎ𝑒
𝑜  (3-42) 

Substituting these non-dimensional values into the equation 

 𝑘𝑝𝑒𝑏
+ ⋅ 𝑘𝑝𝑒𝑏

𝑜 (
∇+

𝑑𝑜
⋅ 𝑇+𝑇𝑜) = ℎℎ𝑒

+ ℎℎ𝑒
𝑜 𝑇𝑜(𝑇𝑝𝑒𝑏

+ − 𝑇ℎ𝑒
+ ) (3-43) 

 𝑘𝑝𝑒𝑏
+ (∇+ ⋅ 𝑇+) =

𝑑𝑜ℎℎ𝑒
𝑜

𝑘𝑝𝑒𝑏
𝑜 ℎℎ𝑒

+ (𝑇𝑝𝑒𝑏
+ − 𝑇ℎ𝑒) (3-44) 

 Π𝐵𝑖 =
ℎℎ𝑒

𝑜 𝑑𝑜

𝑘𝑝𝑒𝑏
𝑜  (3-45) 

Rationale for Scaling Choices and Evaluation 

The above formulations provide non-dimensional scaled parameters.  When the ratio 

of these parameters is taken between a proposed test facility model and a full sized 

HTR-PM core it provides quantitative information about the phenomenon the 

parameter models between the two designs.  In an ideally scaled system all parameters 

when taken as a ratio would equal one. Because of physical constraints and design 

limitations this is not possible.   

In the following sections pertinent design information that is necessary to calculate the 

ratios will be provided and justified.   

As a subject of notation the scaling parameters when presented in parenthesis with 

subscript R denote the ratio of the full-size prototypical HTR-PM model and the scaled 

OSU HTTF model.  When these values are expressed numerically and summarized 

they will be expressed using a colon notation where the first number will denote the 
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value for the model, and the second number will denote the value for the full scale 

prototype. Subscripts of P and M refer to the prototype and model respectively. 

Geometry and Physical Limitations of OSU HTTF 

The overall geometry of the OSU HTTF model is selected to maintain porosity in the 

core region as porosity is a driving factor behind most phenomenon.  Maintaining 

porosity simplifies much of the scaling, for both local and core-wide considerations. It 

was chosen that the core and pebble size would be scaled by a factor of 4.  Previous 

work conducted at OSU states this is feasible [17].  A summary of core geometry is 

shown in Table 4. 

In reducing the geometry of the core by 4 the number of pebbles is kept the same. This 

is a design aspect that does not affect the local scaling but greatly increases the 

feasibility of the core-wide scaling of previous work. In order to satisfy local scaling 

only enough pebbles are necessary to be sufficiently far from the top and bottom of the 

bed (about 1-5 sphere diameters [26]) to remove edge effects.   However using the same 

number of pebbles increases the value of the test facility by making the core-wide 

scaling more representative for scaled values dependent on core-height.  These include 

pressure drop and Euler number along with transient in-core phenomenon [17].   
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Table 4 Geometric properties of the HTR-PM and the OSU HTTF and associated 

ratios [6] [4] 

 HTR-PM 

(prototype) 

HTTF 

(model) 

Ratio 

(model:prototype) 

Pebble Diameter 6 cm 1.5 cm 1:4 

Pebble Number 520,000 520,000 1:1 

Mass flow 176 kg/s 0.92 kg/s 1:191.3 

Outer Diameter 4 m 1 m 1:4 

Inner Diameter 2.2 m 0.55 m 1:4 

Annulus Area 35.06 𝑚2 2.1912 m^2 1:16 

Core Power 458 MW 2.2 MW 1:208.2 

Heat per pebble 880 W 4.23 W 1:208.2  

Core height 11 m 2.75 m 1:4 

 

Temperature Assumptions 

The OSU HTTF facility is a non-nuclear test facility.   It will be powered by electric 

resistive heaters.  This heat will allow the facility to match the temperatures, and 

temperature profiles of the HTR-PM prototype by controlling the heat removed from 

the core. For dimensionless groups where the ratio of temperatures is taken, it is 

assumed that this ratio is 1:1 which is viewed as a good assumption.  A major design 

criterion of the proposed facility will be to match the HTR-PM operating temperature 

and temperature profile. 



 32 

 

Working Fluid Assumptions 

Helium is selected as the working fluid in both the model and prototype. This allows 

for scaling ratios which rely on gas properties to be simplified.  Helium is also available 

to the OSU HTTF facility being neither expensive nor exotic. 

While the working fluid is kept the same temperature, the pressure between the two 

systems is not constant.  The OSU HTTF is only rated to 0.8 MPA while the HTR-PM 

is designed for 7 MPA [6].   

The high temperatures and pressures of these systems require specially developed 

empirical equations to calculate the helium properties.  While helium is a noble gas it 

has been shown at these temperatures and pressures the noble gas equation deviates 

from the actual values by up to 1-5% which is the motivation for using the empirically 

developed equations [34].  

 𝜌 = 48.14
𝑃

𝑇
[1 + 0.4446

𝑃

𝑇1.2
]

−1

 (3-46) 

 𝜇 = 3.674 ⋅ 10−7𝑇0.7 (3-47) 

 𝑘 = 2.682 ⋅ 10−3(1 + 1.123 ⋅ 10−3𝑃)𝑇(0.71(1−2⋅104𝑃)) (3-48) 

The specific heat and the Prandtl number can be taken as constants. Evaluations of the 

Prandtl number differ less than 1% from the constant assumption [34].  
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Table 5 Thermal properties of helium [34] 

 HTR-PM (7 MPA, 70 

Bar) 

HTTF (0.8 MPA, 8 Bar) 

Density (𝑘𝑔/𝑚3) 2.6 ± 0.005  0.30 ± 6.5 ⋅ 10−5 

Dynamic Viscosity (𝑘𝑔/
𝑚 ⋅ 𝑠) 

5.5 ⋅ 10−5 ± 1.09 ⋅ 10−6  5.5 ⋅ 10−5 ± 1.09 ⋅ 10−6 

Thermal Conductivity 

(𝑊/𝑚 ⋅ 𝐾) 

0.43 ± 0.013 0.42 ± 0.013 

Specific Heat (𝐽/𝑘𝑔 ⋅ 𝐾) 5195 ± 16.4 5195 ± 1.87 

Prandtl Number 0.66 0.66 

 

Material Properties  

The material of interest in the local phenomenon is the thermal conductivity and 

emissivity of the pebbles.  All other material properties are not present in the local 

scaled phenomenon. Research had to be done to find these values for the likely use of 

graphite as pebbles in the core vs. the prototype pebble which could contain graphite, 

uranium oxide, and silicon carbide.   

Thermal Conductivity 

For the model facility the thermal conductivity of graphite is found to be between 8.6 

and 22.7 W/mK [35].   

TRISO fuel thermal conductivity is not commonly available.  The German AVR data 

provided a correlation that required neutron flux information making it unusable for 

this thesis.  A useful correlation can be found by combining information from the 

“Carbon and Graphite Handbook” [35] and in a thesis published in 2012 [36].   

The carbon handbook suggests that materials composed with high percent quantities of 

graphite follow a thermal conductivity of 𝑘 ∝ 1/𝑇 in absolute temperature.  The 

information from the supplementary thesis provides data that follows this general trend.  

However the raw data is not available to the author to perform a full curve fit and the 

data only extends from 0 to 700 degrees Celsius with the target temperature being 

1000℃ [36]. 
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To find the thermal conductivity an inverse linear relationship is estimated.  The author 

of the cited thesis, with numerical modelling suggested a thermal conductivity of 19 

W/mK.  The linear relationship developed follows the form of (3-49). 

 𝑘 = 𝑎 ⋅
1

𝑇
+ 𝑏 (3-49) 

Using data from this relationship a thermal conductivity was found of 21.50 W/mK.  

The values produced from this linear estimate are shown in Table 6. 

Table 6 Thermal conductivity estimates [36] 

Variable Value 

a 19281.5 W/m 

b 5.35 W/mK 

T 1273 K 

k 21.50 W/mK 

k-range 16-27 W/mK 

 

Because this estimate and range are very similar to the graphite it is assumed that 

thermal conductivities of the two materials is equivalent, or at least cannot be shown to 

be significantly different. 

In order to evaluate this relationship more fully more research is required that is outside 

the scope of this thesis but is included in the list of possible future work that would 

greatly add to the engineering and scientific community. 

 

Emissivity 

The emissivity of the two materials is dependent upon the outer layer of the fuel pebble.  

In the case of the OSU HTTF the fuel pebble is solid graphite (though design 
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considerations may change that) while the TRISO fuel is surrounded by silicon carbide 

to act as a fission product barrier [37]. 

Similar to thermal conductivity the emissivity is related to several properties including 

temperature.  The thermal conductivities of the two materials was found and is shown 

in the table below.  These values are very similar and are assumed to be equivalent until 

more design information can be made available. 

Table 7 Emissivity of graphite and silicon carbide [35] [38] 

Material Emissivity  

Graphite  (0.71 < 𝜀𝑟 < 0.95) 

Silicon Carbide [38]  (0.88 < 𝜀𝑟 < 0.97) 

 

Drag Coefficient 

Drag around spherical particles has been heavily analyzed and is given using equations 

(2-16)-(2-25).  Because of the differing Reynolds numbers the drag in the model and 

the prototype will be in different regimes.  To find the ratios the drag coefficient is 

evaluated numerically across 2𝐸2 ≤ 𝑅𝑒𝑀 ≤ 2𝐸3 for the model and 1𝐸4 ≤ 𝑅𝑒𝑃 ≤

1𝐸5 for the prototype (See Reynolds and Pecelt Number).   

 (𝐶𝐷)𝑅 =

(
320
𝑅𝑒

1 − 𝜀

+
6

(
𝑅𝑒

1 − 𝜀)
0.1)

𝑃

(
320
𝑅𝑒

1 − 𝜀

+
6

(
𝑅𝑒

1 − 𝜀)
0.1)

𝑀

 (3-50) 

When evaluated the coefficient of drag ratio becomes 

 1.89: 1 ≤ (CD)𝑅 ≤ 1.53: 1 (3-51) 



 36 

 

Reynolds and Pecelt Number 

The Reynolds and Pecelt Number are 

 𝑅𝑒 =
𝜌𝑔𝑎𝑠𝑣𝑔𝑎𝑠𝑑𝑝𝑒𝑏

𝜇𝑔𝑎𝑠
 (3-52) 

 𝑃𝑒 =
𝜌𝑔𝑎𝑠𝑐𝑝𝑔𝑎𝑠

𝑣𝑔𝑎𝑠𝑑𝑝𝑒𝑏

𝑘𝑔𝑎𝑠
 (3-53) 

When these values are taken as a ratio, because we have chosen the working fluid to be 

the same, the material properties (dynamic viscosity and thermal conductivity) of the 

gas are equal to 1 and the ratios become 

 (𝑅𝑒)𝑅 = (𝜌)𝑅(𝑣)𝑅(𝑑)𝑅 (3-54) 

 (𝑃𝑒)𝑅 = (𝜌)𝑅(𝑣)𝑅(𝑑)𝑅 (3-55) 

With the goal of making these ratios equal to 1 we first define them as such and attempt 

to solve for unknown variables.   

 (𝜌)𝑅(𝑣)𝑅(𝑑)𝑅 ≡ 1 (3-56) 

The velocity flow is then transformed to the mass flow through the core. 

 (𝑣)𝑅 =
𝑚𝑃̇ /(𝑎𝑃𝜌𝑃)

𝑚�̇�/(𝑎𝑀𝜌𝑃)
 (3-57) 

 
(𝜌)𝑅(�̇�)𝑅

(𝑎)𝑅 (𝜌)𝑅

(𝑑)𝑅 ≡ 1 (3-58) 

Which then simplifies to 

 
(�̇�)𝑅

(𝑎)𝑅 

(𝑑)𝑅 ≡ 1 (3-59) 
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From this values can be inserted from the known geometric parameters of the system.  

 
(�̇�)𝑅

16
⋅ 4 = 1 (3-60) 

 (�̇�)𝑅 = 4 (3-61) 

From the mass flow of the prototype it can be found that the mass flow of the model, 

to maintain similarity, becomes 

 �̇�𝑀 = 44 𝑘𝑔/𝑠 (3-62) 

However, while this is a value that preserves similarity, it is physically impossible for 

the OSU facility to reach a mass flow of that magnitude, with current re-circulator mass 

flow rates of 0.17-1.08 kg/s [4]. Once the circulator flow rate has been taken into 

account the form losses were estimated for the facility along with the pressure required 

to push the helium through the pebble bed.  This resulted in a maximum mass flow rate 

of 0.88 kg/s.  

 
(�̇�)𝑅 =

176 𝑘𝑔/𝑠 

0.88 𝑘𝑔/𝑠
= 200 

(3-63) 

 (𝑅𝑒)𝑅 =
(�̇�)𝑅

(𝑎)𝑅 

(𝑑)𝑅 =
200

16
4 = 50 (3-64) 

This results in the following Reynolds and Pecelt Numbers. 

 (𝑅𝑒)𝑅 = 1: 50.0 (3-65) 

 (𝑃𝑒)𝑅 = 1: 50.0 (3-66) 

Conduction and Generation PI group 

The conduction and generation non-dimensional PI group is 
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 Π𝑐𝑜𝑛𝑑+𝑔𝑒𝑛 =
𝑘𝑝𝑒𝑏𝑇𝑝𝑒𝑏

𝑞𝑝𝑒𝑏
′′′ 𝑑𝑝𝑒𝑏

2  (3-67) 

When expressed in terms of prototype and model variables this becomes 

 (Π𝑐𝑜𝑛𝑑+𝑔𝑒𝑛 )
𝑅

=

𝑘𝑃
𝑝𝑒𝑏𝑇𝑃

𝑞𝑃
′′′𝑑𝑃𝑝𝑒𝑏

2

𝑘𝑀
𝑝𝑒𝑏𝑇𝑀

𝑞𝑀
′′′𝑑𝑀𝑝𝑒𝑏

2

 (3-68) 

Because of stated assumptions this ratio simplifies to 

 (Π𝑐𝑜𝑛𝑑+𝑔𝑒𝑛 )
𝑅

=
𝑞𝑀

′′′𝑑𝑀
2

𝑞𝑃
′′′𝑑𝑃

2 =
1

(𝑞′′′)𝑅
⋅

1

(𝑑𝑝𝑒𝑏)
𝑅

2  (3-69) 

With the 𝑞′′′ being the volumetric heat generation ratio of the pebble.  The volumetric 

heat generation being the total heat produced by the reactor divided by the pebble 

volume in the core. 

 𝑞′′′ =
𝑄𝑟𝑒𝑎𝑐𝑡𝑜𝑟

𝑁𝑝𝑒𝑏 ⋅ 𝑉𝑝𝑒𝑏
 (3-70) 

 𝑉𝑝𝑒𝑏𝑏𝑙𝑒 =
4

3
𝜋𝑟3 =

1

6
𝜋𝑑𝑝𝑒𝑏

3  (3-71) 

Simplifying this ratio becomes 

 (Π𝑐𝑜𝑛𝑑+𝑔𝑒𝑛 )
𝑅

=
(𝑁)𝑅(𝑑𝑝𝑒𝑏)

𝑅

3

(𝑄)𝑅
⋅

1

(𝑑𝑝𝑒𝑏)
𝑅

2  (3-72) 

 (Π𝑐𝑜𝑛𝑑+𝑔𝑒𝑛 )
𝑅

=
(𝑁)𝑅(𝑑𝑝𝑒𝑏)

𝑅

(𝑄)𝑅
 (3-73) 

As described in the Physical limitations, the core of the model facility cannot reach 

more than 2.2 MW thermal output.  This makes the final ratio with numerical values 

substituted 
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 (Π𝑐𝑜𝑛𝑑+𝑔𝑒𝑛 )
𝑅

=
(𝑁)𝑅(𝑑𝑝𝑒𝑏)

𝑅

(𝑄)𝑅
=

1 ⋅ 4

208.2
= 0.01921 (3-74) 

 (Π𝑐𝑜𝑛𝑑+𝑔𝑒𝑛 )
𝑅

= 52.05: 1 (3-75) 

Biot PI Group 

The Biot number as found by scaling is 

 Π𝐵𝑖 =
ℎ𝑔𝑎𝑠𝑑𝑝𝑒𝑏

𝑘𝑝𝑒𝑏
 (3-76) 

Using the definition of the heat transfer coefficient ℎ𝑔𝑎𝑠 the Nusselt number can be 

substituted in. 

 𝑁𝑢 =
ℎ𝑔𝑎𝑠𝑑𝑝𝑒𝑏

𝑘𝑔𝑎𝑠
 (3-77) 

 Π𝐵𝑖 =
𝑁𝑢 𝑘𝑔𝑎𝑠

𝑘𝑝𝑒𝑏
 (3-78) 

Thus when the ratio of the Biot number is taken and the material assumptions are made 

the Biot ratio becomes 

 (Π𝐵𝑖)𝑅 = (𝑁𝑢)𝑅 (3-79) 

 𝑁𝑢 = 1.27
𝑃𝑟

1
3

𝜀1.18
𝑅𝑒0.36 + 0.033

𝑃𝑟
1
2

𝜀1.07
𝑅𝑒0.86 (3-80) 

The Nusselt correlation shown above contains a laminar and a turbulent term.  The 

laminar term dominates in low Reynolds number regimes and has the coefficient of 

1.27, the turbulent term dominates in high Reynolds number regimes and has the 

coefficient of 0.033. 
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Because of the formulation of the Nusselt correlation (3-80) an exact ratio isn’t 

possible.  Therefore numerical bounding was used. The core will have a Prandtl number 

of  

 𝑃𝑟 ≈ 0.66 (3-81) 

In the core cell regions we are most concerned with porosities of approximately 0.25, 

0.7, and 0.4 (see Section 4).  However because the trends of the Nusselt correlation stay 

relatively the same for all three porosities only the 0.4 porosity plots will be shown 

here. 

 𝜀 ≈ 0.4 (3-82) 

Using these simplifications each term of the Nusselt correlation was graphed to see 

which term would dominate as the Reynolds number increased.  Graphs of these results 

are shown below on the range of 102 to 105. 

 

Figure 7 Graph of Nusselt terms from 0 to 104 
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Figure 8 Graph of Nusselt terms from 0 to 105 

It is known from published literature that in almost all regions except for the near-wall 

region (< 0.2𝑑𝑝𝑒𝑏) the Reynolds number will be of the order of 1𝐸4 ≤ 𝑅𝑒𝑃 ≤ 1𝐸5 in 

the prototype. The Reynolds number in the model will be two orders of magnitude 

lower than this 2𝐸2 ≤ 𝑅𝑒𝑀 ≤ 2𝐸3 (See Reynolds and Pecelt Number).   

In this flow the laminar term in the Nusselt formulation contributes most to the Nusselt 

number.  To complete the scaling the equation must be simplified by dividing the 

overall Nusslet number by the turbulent term to find an appropriate multiplier M. This 

multiplier M can be used to replace the laminar term with the turbulent term in the 

denominator of the overall Nusselt relationship.  This simplified equation becomes 

 
𝐿𝑎𝑚𝑖𝑛𝑎𝑟

𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡
=

1.27

0.033
⋅

𝑅𝑒0.36

𝑅𝑒0.86
⋅

𝑃𝑟1/3

𝑃𝑟1/2
⋅

𝜀1.07

𝜀1.18
 (3-83) 

When evaluated numerical the laminar term is found to be between 1.0 and 3.22 times 

the turbulent term.  The laminar term can then be replaced by the turbulent term and 

the multiplier M introduced. 
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 (𝑁𝑢)𝑅 =

0.033𝑃𝑟
1
2

𝜀1.07 𝑅𝑒𝑃
0.86

(𝑀) ⋅ (
0.033𝑃𝑟

1
2

𝜀1.07 𝑅𝑒𝑀
0.86) +

0.033𝑃𝑟
1
2

𝜀1.07 𝑅𝑒𝑀
0.86

 (3-84) 

Where M is the multiplier that ranges from 1.0 to 3.22.  Combining terms and 

simplifying. 

 (𝑁𝑢)𝑅 =
1

(𝑀 + 1)
(𝑅𝑒)𝑅

0.86 (3-85) 

While this does not give an exact value as would be preferred, it does allow bounding 

that is on a reasonable scale.  Using the calculated multiplier the Nusselt ratio becomes 

 1: 6.85 ≤ (𝑁𝑢)𝑅 ≤ 1: 14.5 (3-86) 

The scaled Nusselt ratio is expressed as a range here, despite this being a steady-state 

situation, because a single Reynolds number is not known and to scale the local 

phenomenon the range of Reynolds numbers that will be present in the core must be 

evaluated.  Once a particular core region and boundary conditions have been chosen a 

single Reynolds number can be calculated leading to an expected scaled ratio which 

can be compared against the scaled ratio produced by the computer simulations. 

Summary of Scaled Parameters 

Below is shown a table with all scaled values, their simplified ratios, and the resultant 

calculated value.   
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Table 8 Summary of non-dimensional values 

Non-Dimensional Group Equation 
Simplified 

Equation 

Calculated Ratio 

(Model:Prototype) 

(𝑅𝑒)𝑅 𝑅𝑒 =
𝜌𝑉𝑑

𝜇
 

(�̇�)𝑅(𝑑)𝑅

(𝜇)𝑅(𝑎)𝑅
 1:50 

(Pr)R 𝑃𝑟 =
𝑐𝑝𝜇𝑜

𝑘𝑔𝑎𝑠
 

(𝑐𝑝)
𝑅

(𝜇)𝑅

(𝑘𝑔𝑎𝑠)
𝑅

 1:1 

(𝑃𝑒)𝑅 𝑃𝑒 =
𝜌𝑉𝑐𝑝𝑑

𝑘
 (𝑃𝑒)𝑅 = (𝑅𝑒)𝑅(𝑃𝑟 )R 1:50 

(Π𝑐𝑜𝑛𝑑+𝑔𝑒𝑛 )
𝑅

 

 

Π𝑐𝑜𝑛𝑑+𝑔𝑒𝑛 =
𝑘𝑔𝑟𝑎+𝑢𝑟𝑎𝑇𝑝𝑒𝑏

𝑞𝑝𝑒𝑏
′′′ 𝑑𝑝𝑒𝑏

2  
(𝑁)𝑅(𝑑𝑝𝑒𝑏)

𝑅

(𝑄)𝑅
 52.05: 1 

(Π𝐵𝑖)𝑅 Π𝐵𝑖 =
ℎ𝑔𝑎𝑠𝑑𝑝𝑒𝑏

𝑘𝑔𝑟𝑎
 (𝑁𝑢)𝑅 1: 6.85 ≤ (Π𝐵𝑖)𝑅 ≤ 1: 14.2 

(𝐶𝑑)𝑅 
𝐶𝑑 =

320

𝑅𝑒
1 − 𝜀

+
6

(
𝑅𝑒

1 − 𝜀)
0.1 

NA 
1: 0.529 ≤ (CD)𝑅

≤ 1: 0.654 
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4. CFD ANALYSIS OF SCALING FACTORS 

A CFD analysis of the proposed scaled unit-cell was conducted to numerically compare 

the scaled ratios, which helps to substantiated that the governing equations were scaled 

properly. Key indicators that were monitored in each simulation include (in order of 

importance): sphere Nusselt number, sphere average temperature, coefficient of drag, 

and sphere maximum temperature.  Also refinement studies were done for the mesh, 

turbulence solver, fluid model, and gap size to show independence.   

Description of Simulations Built 

Cell Geometry 

The hexagonal packing as described in the literature review is the basis for all computer 

models because it describes the majority of the core and can reasonably be used to 

predict core heat transfer [7].  Cell geometry becomes a major limiting factor in terms 

of computer resources. A full hexagonal unit cell would require on the order of tens of 

millions of cells while a feasible simulation is on the order of millions of cells.   

Instead of a full unit cell the smallest representative repeating geometry can be found 

with a two layer triangular volume containing six 1/6 sphere slices.  It is necessary to 

have a two layer geometry to create the mixing flow that the heat transfer is heavily 

influenced by. 

The gap between the spheres is modeled with a 5% gap of the sphere diameter.  While 

a contact point would be ideal, small cells near a contact region often lead to large 

gradients in the flow and pressure which de-stabilize the solution.  While some authors 

have had success with contact points their methods could not be reproduced [33]. Other 

authors found that a gap up to 8% is valuable for finding heat transfer conditions within 

reasonable solutions [7] [18].  Here the 5% gap is used to encourage stability in the 

solutions while obtaining more reasonable solution.  A refinement study was also 

conducted based on gap size to produce some gap sensitivity information. While the 

gap size affects the overall heat transfer correlation, established literature has shown 

that this difference is acceptable due to the high computational cost of modeling 

pebbles in contact [7] [19] [20] [28]. 
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Figure 9 Smallest repeating geometry of hexagonal packing 

Mesh Generation 

The mesh generation was done using basic mesh models in Star-CCM+.  Along with 

the use of the meshes that produced strong convergence, several meshes were 

experimented with and deemed as inappropriate.  These meshes included the general 

polyhedral, tetrahedral, and surface wrapper mesh models. 

The mesh models used for these simulations was a thin mesh and surface re-meshing 

model.  The thin mesh model reduces skewedness in the thin region, between pebbles, 

which can be a source of instability.   

In accordance with published literature the mesh size was refined based on the ratio of 

sphere diameter to target and minimum cell size. 

 𝑇𝑎𝑟𝑔𝑒𝑡: 
𝑑

𝑑𝑐𝑒𝑙𝑙
= 50 (4-1) 

 𝑀𝑖𝑛𝑖𝑚𝑢𝑚:
𝑑

𝑑𝑐𝑒𝑙𝑙
= 200 (4-2) 

The minimum cell diameter on the surface of a sphere being considered highly refined 

when the ratio equals 200 [33]. 
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In order to show that this mesh was adequate a mesh refinement study was done.  It is 

considered good practice to collect results from the highest mesh while comparing 

convergence based on the mesh cell size.  To do this the above ratios were maintained 

based on the base mesh cell size while changing the base mesh size by 50% for each 

mesh level.  This resulted in three mesh levels shown in the table below.  The mesh 

refinement of 50%, in general, increases the total number of cells by an order of 

magnitude. 

Table 9 Summary of cell sizes tested 

Refinement 

Level 

Base Mesh 

Cell Size 

Desired Mesh 

Size 

Model Cell 

Count 

Prototype 

Cell Count 

1 1.5 cm ≈ 10,000 40,343 41,071 

2 0.75 cm ≈ 100,000 227,985 231,033 

3 0.375 cm ≈ 1,000,000 1,452,474 1,538,724 

   

 

Figure 10 Sample generated surface mesh 
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Figure 11 Sample cross-section of generated mesh 

For the purposes of these simulations a prism layer, as can be seen in Figure 11, is not 

used.  A prism layer is commonly used in turbulent wall conditions to help approximate 

the boundary layer for RANS models.  The advantage of a prism layer is that it can 

often perform boundary calculations with fewer cells than a pure polyhedral mesh as 

was used in these simulations [39].  This is an area that the computer simulations in 

this thesis could be improved but, as will be shown in the mesh refinement study, does 

not affect the ultimate converged solution of the simulations. 

Physics Considerations 

Because of the distance between the spheres, selecting appropriate physics models was 

very important to the produced results and was also subjected to several refinement 

studies.  The physics in the model and the prototype differ in flow because of the 

Reynolds number.   

In both simulations the working gas was assumed to be ideal and the final properties 

were measured which are: density, dynamic viscosity, thermal conductivity, and 

specific heat capacity.  For helium, although an ideal gas, these properties can vary 
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between 1-5%  [34] from ideal gas values for the extreme pressures and temperatures 

in the HTTF core.  

In both simulations the inlet and temperature boundary conditions were selected using 

average core values which is also known as the superficial values.  This has been shown 

to be inaccurate [7]. However because no reliable data exists on the flow distribution 

within the core this inaccuracy is viewed as acceptable by previous works and the same 

method used by these publications was used for these simulations.   

The mass flow and velocity flow inlets were based upon the ratio of the unit cell area 

to the core area and the ratio of the unit cell porosity to average core velocity.  This 

provides the percentage of the mass flow rate that will flow through the unit cell.  

Whether the boundary used was a mass flow inlet or a velocity flow inlet is simulation 

dependent as discussed in the Independence Studies section. 

The reference pressure was chosen to be representative of the prototype or model at 7.0 

MPa or 0.8 MPa respectively.  The simulations were constructed using a pressure outlet 

with 0 Pa resistance.  While there will be some pressure exerted on the pressure outlet, 

the mass flow must be constant and adding a pressure force on the outlet created poor 

convergence.   

The heat generated for each sphere was taken as the average heat generated for each 

pebble in the prototype or model. Across an individual unit cell a 2.7272 K temperature 

rise is expected. The heat generation was modeled using a surface heat source boundary 

condition on the spheres with a smooth surface. 

Both simulations were modeled using coupled flow.  Coupled flow is used to solve the 

energy and flow equations simultaneously providing information between the 

equations in the same iteration.  Although coupled flow is more computational 

intensive it is also known to be more convergent in cases where heat transfer is of 

primary concern.  Coupled flow also has been shown to be less sensitive to mesh 

resolution than segregated flow and thus further helps with convergence in the 

simulations [39]. 
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The boundary conditions for the walls of the simulation were a symmetry wall 

boundary conditions.  In particular, for the x and y-momentum a repeating or periodic 

boundary would be preferred for the outer walls.  However because of the chosen 

geometry this was not possible and will therefore contribute to errors and higher 

residuals. 

 

Figure 12 Boundary conditions for the simulations 

The HTTF scaled simulation unit cell was run in steady state laminar flow and three-

dimensional solving.  The HTR-PM prototype simulation was run in implicit unsteady 

time with k-epsilon turbulence models and three-dimensional solving.  As the mesh 

became more refined the time step solver was adjusted to help with convergence based 

on Courant number restraints.  The Courant restraint is shown in the equation below. 

 
𝑣Δ𝑡

Δ𝑥
≤ 𝐶𝑚𝑎𝑥 ≈ 1  (4-3) 

Upon further research it was found that likely the turbulent model could be run in steady 

state because of the boundary condition models.  This could possibly be used to 

decrease computer run-time in future simulations. 
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Convergence Considerations 

In general simulations there are 5 convergence criterion that need to be met to display 

good convergence for a simulation [7] [33] [39].   

Standard Convergence Criterion 

1. Momentum terms, x, y, and z, and continuity residuals as directly reported by 

Star-CCM+ should reach 1E-4 for loose convergence, 1E-5 for good 

convergence, and 1E-6 for strong convergence. 

2. Heat transfer values across a boundary should be shown to change less than 1% 

between iterations. 

3. Key terms such as lift, drag force, pressure, etc. should be monitored and shown 

to change less than 5% between iterations. 

4. The solution, from iteration to iteration, visually does not significantly change. 

5. The turbulent terms, if used, should be 3-5 orders of magnitude lower than their 

initial value. 

However, while these guidelines are generally good they must be adapted to each 

solution as needed.  For the models outlined in this study good convergence can be 

achieved without reaching all of these criterions and are described here. 

X and Y momentum:  As will be seen for the turbulent model, the x and y momentum 

residuals can go as low as 1E-3 but can adequately be considered converged even as 

low as 1E-1 based on the convergence of the key parameters.  In the turbulence models 

the symmetry boundary conditions do not lead to a single solution, but rather are free 

to oscillate randomly.   Therefore from iteration to iteration the x and y momentum can 

change drastically.  In other studies this has been accounted for by placing periodic or 

repeating boundaries which are not possible in this geometry.  This convergence 

criterion is permissible by evaluating the heat transfer equation, which isn’t heavily 

affected by the x and y momentum and still satisfies convergence criterion #2. 

Turbulence terms: In these simulations the turbulence residuals do decrease by 3 orders 

of magnitude or more however they are often between 1-10.   This is due to the flow 

geometry around packed spheres and is acceptable for these models.  As the turbulent 
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models approximate the eddies developed in the boundary and free stream regions the 

large velocity gradient between the pebble gap and free stream will cause these 

residuals.  This will be deemed independent as long as it affects the converged values 

less than 1% except in the case of the drag coefficient which will have larger errors due 

to these turbulence terms and will be discussed. 

Z momentum, Continuity, and Energy:  These three residuals are the most important in 

the model as they determine the Nusselt number and temperature of the sphere and 

heavily determine the force of drag on the sphere.  They are shown to converge and 

will be used to demonstrate the convergence of the solution when, in a single time 

iteration (where applicable), they are below 10E-4 and demonstrate oscillatory 

behavior. 

The understanding of these residuals and their meaning results in the re-formulated 

convergence criterion that will be used for these models. In the case of modeling packed 

spheres convergence criterion must be relaxed so that the solution can be considered 

converged.  Because of the unique geometry presented by packed spheres many authors 

have had difficulty in creating a converging simulation, therefore the convergence 

criterion are reformulated with the above justification for the reader to consider. 

Refined Convergence Criterion 

1. Z-momentum, Continuity, and Energy residuals reach 1E-3 consistently in a 

given time iteration (where applicable).  X and Y momentum are capable of 

reaching 1E-1 in a given iteration.  

2. Nusselt number and Average sphere temperatures must maintain a value that 

changes by less than 1% over the course of other criterion being met.   

3. Coefficient of drag must show bounded stability. 

4. All residuals must demonstrate steady oscillations for 1000 iterations without 

diverging if applicable. 

5. Turbulent flow values decrease by 3 orders of magnitude or more for a given 

solution. 

The residuals as described in the above discussion on convergence refer to the absolute 

error calculated between iterations.  The CFD solver, Star-CCM+, is a numerical 
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methods code that attempts to solve for a system of equations.  These equations include 

Navier-Stokes, conservation of mass, momentum, and energy, and the related turbulent 

or laminar solver.  For each iteration the solved value is numerically compared to the 

equation and the error is the associated residual for that iteration.  

Independence Studies 

This thesis is purely theoretical meaning there will be not attempt to compare the 

converged solutions with benchmark experiments.  There will be attempts to compare 

the simulations to predicted analytical values to demonstrate that they are within 

reason.  Instead of validation and verification it is important to show that these 

computer simulations are independent when similar assumptions are made but different 

modeling schemes are used.   

To do this the simulations are first run to convergence using base models, then the 

solution is cleared and parameters of the simulation are changed to test convergence 

and the model is re-run to demonstrate the effects of the chosen parameters on the 

generated solution.  For this thesis 4 independence studies were conducted. 

1. Mesh independence 

2. Turbulence solver independence 

3. Mass vs. velocity boundary conditions 

4. Gap geometry refinement 

Mesh Refinement:  Following basic mesh refinement techniques the number of cells 

was increased, based on the most sensitive areas in the simulation, between three 

otherwise identical simulations.  The simulations were run to convergence while the 

key indicators were monitored.  The approximate error of the key indicators was 

compared to mesh size and was considered independent when the relative error 

between mesh sizes was < 1% based on Richardson extrapolation.  This study was 

conducted for both a laminar model simulation, and a turbulent prototype simulation. 

Turbulence Solver Independence: The turbulent prototype simulation was run to 

convergence and then the turbulence model used was changed, and the simulation was 

re-run.  This was done twice so that k-epsilon, k-omega, and Spalart-Allarma (SA) 
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turbulence models could be compared.  These three turbulence are all “Reynolds-

Averaged Navier Stokes” (RANS) flow models.  No comparison was done to the also 

available large eddy and detached eddy turbulence models because they were not 

applicable in the derivation of this thesis both being better suited to efficiently 

modelling multiple unit cell geometries [18] [33]. 

Among the RANS models there are 4, k-epsilon, k-omega, Spalart-Allarmas, and 

Reynolds Stress.  The Reynolds stress model was discarded because it is focused on 

better solving the viscous terms that are not applicable in the low-viscosity helium used 

here.  The Spalart-Allarmas term focuses on approximating eddies linearly.  Because 

of this it is known to be the most stable of the turbulence models though it is considered 

to be the least accurate.  The Spalart-Allarmas model also uses the Boussinesq 

approximation, which linearly predicts the fluid density to predict buoyancy effects.  

However because of the forced convection in the downward direction, buoyancy effects 

are not important to these simulations.  K-epsilon is a basic turbulence model that is a 

two-equation model to help deal with the diffusion of properties in the fluid.  The K-

epsilon model was originally used to conduct rough approximations before the final 

models were run.  The k-epsilon model has several shortcomings that are attempted to 

be addressed by the updated k-omega model [39].  These shortcomings are, poor 

performance in transitional flow (k-epsilon requires fully developed turbulent), poor 

performance in the near wall regions, and poor performance in high pressure gradient 

regions.  All of which are present in the pebble-cell simulations. The independence 

study showed that many turbulence models did not result in strong convergence but 

very similar key indicator values were observed. 

Inlet Boundary Conditions:  The preferred inlet boundary condition would consist of 

either: an ideal gas model with a mass flow inlet, or a constant density gas model with 

a velocity flow inlet.  Both inlet conditions were run on all flow models to show 

independence. 

 As a final note on independence studies, all studies were conducted at medium mesh 

refinement, except the actual mesh refinement study, so they could be completed based 

upon realistic timeframes and within limits of computational resources. 
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Summary Tables 

A summary of the simulations completed along with their relevant parameters and 

outcomes is shown below.  In displaying results to these simulations all numerical 

values will be given first with evaluation of these numbers given in the Discussion 

section. 

 

Table 10 Model list 

Purpose ID Base Mesh 

Level 

Flow 

Model 

Inlet 

Condition 

Gap 

Size 

Best Results 

P3 HTR-PM 

Prototype  

3 Turbulent 

k-omega 

Mass 5% 

M3 HTTF 

Model 

3 Laminar Mass 5% 

Mesh 

Refinement 

P1 HTR-PM 

Prototype 

1 Turbulent 

k-omega 

Mass 5% 

P2 HTR-PM 

Prototype 

2 Turbulent 

k-omega 

Mass 5% 

P3 HTR-PM 

Prototype 

3 Turbulent 

k-omega 

Mass 5% 

M1 HTTF 

Model 

1 Laminar Mass 5% 

M2 HTTF 

Model 

2 Laminar Mass 5% 

M3 HTTF 

Model 

3 Laminar Mass 5% 

Turbulent 

Solver 

Independence 

P2 HTR-PM 

Prototype 

2 Turbulent 

k-omega 

Mass 5% 

P4 HTR-PM 

Prototype 

2 Turbulent 

k-epsilon 

Mass 5% 

P5 HTR-PM 

Prototype 

2 Turbulent 

SA 

Mass  5% 

P6 HTR-PM 

Prototype 

2 Turbulent 

k-epsilon 

Velocity 5% 

P7 HTR-PM 

Prototype 

2 Turbulent 

SA 

Velocity 5% 

Inlet 

Condition 

Independence 

P2 HTR-PM 

Prototype 

2 Turbulent 

k-omega 

Mass 5% 

PV HTR-PM 

Prototype 

2 Turbulent 

k-omega 

Velocity 5% 
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M2 HTTF-

Model 

2 Laminar Mass 5% 

MV HTTF-

Model 

2 Laminar Velocity 5% 

Gap 

Geometry 

Independence 

M2 HTTF-

Model 

2 Laminar Mass 5% 

M4 HTTF-

Model 

2 Laminar Mass 1% 

M5 HTTF-

Model 

2 Laminar Mass 0.5% 

MC HTTF-

Model 

2 Laminar Mass -0.5% 

P2 HTR-PM 

Prototype 

2 Turbulent 

k-omega 

Mass 5% 

P8 HTR-PM 

Prototype 

2 Turbulent 

k-omega 

Mass 1% 

P9 HTR-PM 

Prototype 

2 Turbulent 

k-omega 

Mass 0.5% 

PC HTR-PM 

Prototype 

2 Turbulent 

k-omega 

Velocity -0.5% 

 

Table 11 Simulations boundary conditions 

Boundary Property4 Prototype Model  

Velocity Inlet (m/s) 6.1422 4.2708 

Mass Inlet (kg/s) 3.13𝐸 − 2 1.565𝐸 − 4 

Inlet Temp (℃) 1020.2727  1020.2727  

Outlet Temp (℃) 1023  1023 

Heat Per Pebble 880 W 4.2308 W 

Porosity 0.3954 0.3954 

Results 

Table 12 shows the results from all models that produced an appropriate convergence 

level.   

Table 12 Numerical values from simulations 

                                                 

4 In the case of boundary properties both a mass flow rate and a velocity flow rate are given, however 

only one property was used based on the test being conducted. 
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ID Reynolds 

Number 

Nusselt 

Number 

Temperature 

Avg 

Temperature 

Max 

CD  

P1 25529 4332 1063.1 1193.9 2.80 

P2 25527 4377 1054.8 1181.3 2.76 

P3 25517 4387 1053.2 - 3.73 

P4 25527 4372 1055.7 - 2.59 

P5 25521 4352 1059.2 1192.0 3.08 

P6 25770 4341 1061.3 1219.2 2.29 

P7 25768 4327 1063.8 1268.7 2.44 

P8 - - - - - 

P9 - - - - - 

PV 25761 4339 1062.0 - 2.43 

PC - - - - - 

M1 510.03 347.3 1031.9 1076.7 5.99 

M2 509.87 347.0 1032.2 1075.2 6.66 

M3 509.80 346.9 1032.5 1065.7 6.62 

M4 509.11 319.5 1032.5 1176.9 15.78 

M5 - - - - - 

MV 511.80 347.1 1032.2 1070.9 6.62 

MC - - - - - 

Along with the produced data images were created using the Star-CCM+ software to 

show examples of the sphere temperature, Nusselt convergence, and sample residuals 

for strong and poor convergence. 

 

 

Flow Direction 
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Figure 13 Example temperature scene 

 

Figure 14 Nusslet convergence 

 

Figure 15 Laminar model residuals 
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Figure 16 Turbulent prototype strong convergence 

 

Figure 17 Turbulent prorotype poor convergence 

Mesh Independence Study 

The key indicators in each model were compared and were found to have the following 

relationship to mesh size. 

Table 13 Model mesh values 

Mesh 

Level 

Reynolds 

Number 

Nusselt 

Number 

Temperature 

Avg 

Temperature 

Max 

CD 

1 510.03 347.3 1031.9 1076.7 5.99 
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2 509.87 347.0 1032.2 1075.2 6.66 

3 509.80 346.9 1032.5 1065.7 6.62 

Table 14 Prototype mesh values 

Mesh 

Level 

Reynolds 

Number 

Nusselt 

Number 

Temperature 

Avg 

Temperature 

Max 

CD  

1 25529 4331.6 1063.1 1193.9 2.80 

2 25527 4377.4 1054.8 1181.3 2.76 

3 25517 4387.8 1053.2 - 3.73 

In each case it is desirable to show that as the mesh changes by an order of 10, the key 

indicator eventually changes by less than 1-5% based on overall values and on 

Richardson extrapolation which will be explained in the Discussion section, which is 

an accepted standard for mesh independence [40]. 

 

Table 15 Model mesh percent changes 

Mesh 

Level 

Reynolds % 

Change 

Nusselt % 

Change 

Temperature 

Avg % 

Change 

Temperature 

Max % 

Change 

CD % 

Change 

1-2 3.22E-02 7.66E-02 3.10E-02 1.42E-01 9.96E+00 

2-3 1.37E-02 4.96E-02 2.33E-02 8.91E-01 5.56E-01 

Table 16 Prototype mesh percent changes 

Mesh 

Level 

Reynolds % 

Change 

Nusselt % 

Change 

Temperature 

Avg % 

Change 

Temperature 

Max % 

Change 

CD % 

Change 

1-2 7.29E-03 1.05E+00 7.87E-01 1.06E+00 1.32E+00 

2-3 3.86E-02 2.36E-01 1.51E-01  2.60E+01 

 

Turbulence Solver Independence Study 

Of the three turbulent models all produced some results while the SA model was the 

most poorly converged.  The percent difference between the turbulent models and their 

associated key-indicators are shown in Table 17.  The k-omega model is assumed to be 

the most correct model. 

Table 17 Turbulent model percent difference for P2 simulation 
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Model compared to K-

omega 

K-epsilon SA 

Reynolds % Change 3.82E-2 1.48E-2 

Nusselt % Difference 3.55E-1 8.07E-1 

Temperature Avg. % 

Difference 

2.42E-1 5.74E-1 

Temperature Max % 

Difference 

- - 

CD % Difference 30.50 18.08 

 

Boundary Condition Independence Study 

Table 18 shows the percent difference between the mass inlet, and velocity inlet key 

indicators based on their associated turbulence models that were constant between the 

two boundary conditions 

 

Table 18 Percent differences based on inlet conditions  

Model K-omega K-epsilon SA M3 and 

MV 

Reynolds % 

Difference 

9.58E-1 9.52E-1 9.69E-1 3.94E-1 

Nusselt % 

Difference 

1.12 7.05E-1 5.77E-1 5.89E-2 

Temperature 

Avg. % 

Difference 

8.33E-1 5.30E-1 4.29E-1 3.04E-2 

Temperature 

Max % 

Difference 

- - 6.43 4.88E-1 

CD % 

Difference 

34.9 11.5 20.7 4.22E-1 

Mass Flow % 

Difference 

1.08 9.64E-1 1.06 3.78E-1 

 

Gap Independence Study 

For all gap sizes below a 1% gap size, when used with HTTF model boundary 

conditions, the solution diverged.  This is likely due to the large velocity gradients 

caused by the small gap size.  The 1% gap size produced values that for heat transfer 
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are within reasonable amounts (≈ 10%) for loose thermal hydraulics analysis.  

However the coefficient of drag, being significantly different from both the analytical, 

and the model predictions.  Below is a table showing the percent difference for the 

Model simulation based on the 5% and 1% gaps.  

Table 19 Percent differences based on gap spacing for scaled model 

Reynolds % 

Change 

Nusselt % 

Difference 

Temperature 

Avg. % 

Difference 

Temperature 

Max % 

Difference 

CD % 

Difference 

1.35E-1 7.89 5.42E-3 10.43 129.3 

Scaling Results 

In order of importance the scaled results are: Nusselt number, temperature average, 

coefficient of drag, and temperature maximum.  The analytical values are calculated 

from the analytical equations for this thesis using the computer simulated Nusselt 

numbers. The scaled values are calculated from the derived scaled parameters and the 

CFD simulations.   

Table 20 Results of scaled values 

Simulation P3 M3 Ratio 

Reynolds Number 2.5517E+04 5.10E+02 50.0 

Simulation Nusselt number 4387.755 346.861 12.650 

Calculated Nusselt 1780.065 151.512 11.749 

Analytical Nusselt 5.73E+02 4.67E+01 12.283 

Temperature Average  1053.2 1032.5 1.02 

Temperature Maximum  1181.3 @ P2 1065.7 1.10 

Coefficient of Drag  3.86 7.34 0.525 

Coefficient of Drag 

Analytical 

4.15 6.88 0.60 

Differences between the key indicators, analytical predictions, and scaled values will 

be explained in the Discussion section. 

Discussion 

Mesh Independence Study 

To demonstrate mesh independence Richardson extrapolation can be applied to the 

results.  Richardson extrapolation is formulated by using the Taylor series expansion 

where a numerical derivative is taken and the solution is based upon the chosen mesh 
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size.  This is applicable to the numerical solution drivers in Star-CCM+.  Given a base 

mesh size of h, and a numerical approximation based upon the mesh [f(h)], and then 

repeating the numerical approximation using a mesh size that has been reduced by half 

h/2 and the associated approximation [f(h/2)] the true value can be better approximated 

by combining the two approximations. 

 𝑅𝑇𝑉 = 𝑓 (
ℎ

2
) +

𝑓 (
ℎ
2) − 𝑓(ℎ)

3
 (4-4) 

It is common CFD practice to conduct a mesh refinement study over three mesh sizes, 

each with a base size of ½ the previous mesh size, and compare the three solutions 

produced to the true value predicted by Richardson Extrapolation.  This is done such 

that the approximations, which are viewed as second order accurate, become fourth 

order accurate by using the Richardson extrapolation method and three mesh sizes.  The 

fourth order accuracy is an artifact of how the Taylor series expansion was used to 

develop Richardson extrapolation [41].  The solution is said to be grid independent 

once the percent error of a given mesh size is less-than 1-5% [40].  This range is 

different depending on the application however for this thesis a 5% error is chosen as 

the standard.  Below is a table showing the Richardson extrapolation value along with 

the percent error. 

Table 21 Richardson extrapolation values 

 Reynolds 

Number 

Nusselt 

Number 

Temperature 

Average 

Temperature 

Max 

CD 

RE Model 

Coarse 
5.09E+02 3.46E+02 1032.3 1074.7 7.64 

RE Model 

Fine 
5.10E+02 3.47E+02 1032.5 1062.5 7.31 

RE Prototype 

Coarse 
2.5526E+04 4.39E+03 1052.0 1177.1 2.73 

RE Prototype 

Fine 
2.5513E+04 4.39E+03 1052.7 - 4.19 

 

Table 22 Percent difference between key indicators and RE values 
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 Reynolds % 

Difference 

Nusselt % 

Difference 

Temperature 

Avg. % 

Difference 

Temperature 

Max % 

Difference 

CD % 

Difference 

P1 0.0588 1.36 0.990 1.42 22.9 

P2 0.0514 0.314 0.202 0.356 31.8 

P3 0.0129 0.0785 0.0504 - 7.95 

M1 0.0505 0.143 0.0621 1.34 7.94 

M2 0.0183 0.0663 0.0311 1.19 1.39 

M3 0.00456 0.0166 0.0078 0.298 0.347 

 

As can be seen in Table 22 all key indicators move towards convergence and the mesh 

selected produces a change of less than 5% for all key indicators except for coefficient 

of drag in the prototype models. 

The coefficient of drag originates from the force of flow over a body which, in the case 

of the prototype simulations, is subject to heavy oscillations especially after the mesh 

reaches the second mesh size.  This is evidenced in the figure below where the un-

corrected drag is plotted over time. 

 

Figure 18 Force coefficient for P1-P3 uncorrected 

In order to help with convergence the solution for refined meshes is based off of the 

converged solution for the coarse mesh.  Figure 18 shows the jump between solutions 

of different mesh sizes. It should be noted that this graph is considered raw data from 

Star-CCM+ and was eventually corrected to calculate the drag coefficient.  
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Turbulence Solver Independence Study 

As shown in Table 17 many of the key indicators are within the 1% error required 

except for the coefficient of drag.  For general heat transfer purposes this shows that 

the solution is turbulent solver independent.  In the case of the coefficient of drag 

especially more advanced turbulent models or research into simulations methods likely 

needs to be conducted to show solver independence. 

Boundary Condition Independence Study 

Shown in Table 18 many of the percent differences between the velocity inlet condition 

and the mass flow inlet condition are less than one percent.  The best example of this 

is in comparing the velocity inlet on the model simulations, M3 and MV.   

In comparing the boundary condition the most important indicator is the mass flow rate 

between the mass flow inlet, and the velocity inlet.  If the mass flow rate is maintained, 

given the geometry, then all other key indicators should be equivalent.  The largest 

mass flow change percent, in simulations P3 and PV, is 1.079% which incorporates the 

changes dues to mesh refinement.  This demonstrates the boundary independence, 

especially for heat transfer, of the two boundary conditions.  

Gap Independence Study 

The results of the gap independence study differ depending on the simulation flow 

conditions.  In examining literature a pebble-bed simulation is often considered valid 

if the gap is less than 8% of the pebble diameter or the thermal hydraulics are changed 

by less than 25% by the least conservative metric [7]. The largest gap used in these 

simulations was a 5% gap.  From the analytical equations this resulted in a thermal 

hydraulics change of 22%.  While pebble gaps are considered acceptable in modeling 

it is known that pebble gaps have a large impact on simulation results [41]. 

In the case of the laminar simulation the change in the gap size produced a converged 

solution only for the 1% gap and the 5% gap.  This shows that some parameters of the 

simulation are inadequate to model lower gaps and should be further researched.  The 

1% gap simulation produced different values for the Nusselt number (≅
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8% 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒) as shown in Table 19.  This is within the stated criterion and 

demonstrates gap independence for the laminar simulations.   

For the turbulent prototype simulations all gap sizes less than 5% did not converge.  

This fails the gap independence study with the given turbulence models.  The 

instability, upon examination of the cell residuals occurs in the region between the gaps 

and the free stream flow where the velocity gradients are highest.  The most likely 

method to solve this in future work is to pre-converge a coarse gap solution using a 

turbulent model like LES, and then use the developed solution to solve for the gap 

values with the k-epsilon solver. 

Scaling Results  

Below Table 23 shows some of the key parameters and their expected ratios along with 

the calculated ratios.  First it is good to not that all of the ratios are very similar to what 

they should be.  However in all of them there is a bit of error which will be discusses 

as to why it was produced. 

Table 23 Summarized scaled results for M3 and P3 models 

PI Group Ratio Predicted Value/Range Calculated Value  

(𝑅𝑒)𝑅 1:50 1:50.0 

(Π𝐵𝑖)𝑅 1: 6.85 ≤ (Π𝐵𝑖)𝑅 ≤ 1: 14.2 1:12.650 

(𝐶𝑑)𝑅 1: 0.529 ≤ (CD)𝑅 ≤ 1: 0.654 1:0.524 

Reynolds Number 

The Reynolds numbers were very well within bounds and almost exactly as predicted 

for both analytical and scaled values.  This shows that the scaling appears to have been 

done correctly. 

The scaled ratio is not perfect (50.045) and this is likely due to the density difference 

in the two fluids.  In the scaling it was assumed that the density would be based on the 

analytical properties of helium at these temperatures and pressures.  Table 24 shows 

the difference in the analytical values vs. the collected values. 
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Table 24 Density comparison of analytical vs. simulation 

 P3 Density M3 Density 

Analytical (kg/m^3) 3.27 0.376 

CFD developed 

(kg/m^3) 

3.29 0.375 

 

Using the updated density values the new Reynolds ratio can be found. 

 (𝑅𝑒)𝑅 =
𝜌𝑅𝑉𝑅𝑑𝑟

𝜇𝑟
 (4-5) 

 
(𝑅𝑒)𝑅 =

8.7602 ⋅ 1.4284 ⋅ 4

1
= 50.0522 (4-6) 

The percent error difference between the Reynolds ratio from the CFD and the new 

predicted ratio from CFD values is 

 100 ⋅
(50.052 − 50.045)

50.052
= 0.0140% (4-7) 

This error is very low and sufficiently demonstrates that the scaling has been done 

accurately for the Reynolds number. 

Because the Reynolds number has been shown to have been scaled properly it also 

means that the flow between model and simulations is very similar.  To show this a 

vector plot of the flow is shown in Figure 19-Figure 22. From the vector plot we should 

expect to see a similar flow field in both the model and simulation with a very low 

vector in the vertical gap between pebbles and a high velocity in the free region.  The 

highest velocity occurs at the horizontal gap between pebbles where the fluid has been 

compressed and flows much faster due to the reduced flow area.  As a reminder there 

is no mass loss out of the sides of the unit cell.  The velocity increase on the second 

layer is due to the development of the fluid flow and the increase in temperature 

between pebble layers. 
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Figure 19 Model vector field 

 

Figure 20 Model vector field magnified 
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Figure 21 Prototype vector field 

 

Figure 22 Prototype vector field magnified 
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Nusselt number 

The Nusselt number is firstly within range of the expected values.  However this does 

not necessarily mean that the scaling has been conducted correctly.   It can be seen from 

the simulations that the average temperature of the pebbles is not the same between 

both the model and the prototype.  This was a fundamental assumption and means that 

the Nusselt ratio would change as a result. 

It is known that the Nusselt number is 

 𝑁𝑢 =
ℎ𝐿

𝑘
 (4-8) 

The total heat transfer is  

 𝑄 = 𝐴 ⋅ ℎ ⋅ (Δ𝑇) (4-9) 

Solving for the Nusselt number and converting it to a ratio form it becomes 

 (𝑁𝑢)𝑅 =
(𝑄)𝑅(𝐿)𝑅

(𝐴)𝑅(Δ𝑇)𝑅
 (4-10) 

For the ratio all values are known with the Δ𝑇 term being the difference between the 

average sphere temperature and the Bulk fluid temperature.   

Table 25 Temperature values for the prototype and model 

 Average Sphere 

Temperature 

Bulk Fluid Temp 𝚫𝑻 

Prototype 1053.2 1024.8 28.4 

Model 1032.5 1026.0 6.4 

This makes the Nusselt ratio with the values predicted by the model 

 (𝑁𝑢)𝑅 =
207.998 ⋅ 4

16 ⋅ (
28.338
6.434 )

= 11.806 
(4-11) 

This prompted further research into the method that Star-CCM+ calculates Nusselt 

numbers.  Star-CCM+, it was found, calculates the Nusselt number using an analytical 
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equation that is not applicable for the sphere packing that is involved in this thesis.  The 

equation for the Star-CCM+ Nusselt number is shown below. 

 𝑁𝑢 = 2 + 0.6𝑅𝑒0.5𝑃𝑟0.3 (4-12) 

The Reynolds number here is based off of the dispersed phase and the Prandtl number 

is based off of the dispersed phase.  This results in a Nusselt Correlation that is not 

valid for scaling analysis.   

Because this equation was not valid the Nusselt number was calculated instead based 

off of mass flow rate and temperature rise of the fluid.  This calculated value was then 

compared to the analytical equations for the Nusselt number based off of the empirical 

correlations found in this literature review.  These three values along with the predicted 

ratios are shown in the table below. 

 

 

Table 26 Generated Nusselt numbers and ratios 

 Star-CCM+ 

reported 

Nusselt 

Nusselt 

Calculated 

Empirical 

Nusselt 

Temperature 

Adjusted 

Nusselt 

Prototype 4387.8 1780.1 573.5  

Model 346.9 151.5 46.7  

Ratio 12.7 11.7 12.3 11.8 

The value reported by Star-CCM+ is much larger than the empirical correlation 

suggest.  However as the scaling shows, when the Nusselt number is calculated using 

the mass flow rate and temperature change of the bulk fluid, the system is very well 

scaled after the temperature difference has been incorporated.  Whatever error is 

present in the two simulations is equally erroneous in both.  The percent error between 

the predicted Nusselt ratio and the calculated ratio is 0.483% (4.040% based on the 

Empirical Nusselt) which suggests that the scaling for the Nusselt number is reasonably 

accurate.  This Nusselt scaling becomes more realistic as the temperature difference is 

taken into account.  Future work could reduce the temperature difference ratio between 
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the model and prototype and therefor reduce the overall Nusselt error and scaled ratio 

error. 

Coefficient of Drag 

The coefficient of drag is the least accurate key indicator when compared to analytical 

values.   A comparison of the values produced from the simulation, and the analytical 

values is shown in Table 27.  This difference between the analytical value and 

simulation value produces a large difference between the predicted scaled ratios. 

Table 27 Comparison of simulation and analytical values 

 Simulation  Analytical 

Model 7.34 6.88 

Prototype 3.86 4.15 

Ratio 0.52 0.60 

Re-examining the coefficient of drag in Eq, (2-25) it shows that the coefficient of drag 

is based on the pressure force on the sphere.  The computer simulation verifies this 

when the drag coefficient is split into pressure and shear components. 

 

 

 

Table 28 Coefficient of drag split by pressure and shear 

 Pressure Shear 

Model 6.62 0.725 

Prototype 3.73 0.122 

When the ratio is calculated from just the pressure term of the coefficient of drag then 

the ratio becomes 0.5640.   While not accurate this results in a ratio error of 6.59%. 

Drag coefficient prediction was investigated and was found to be a component of using 

a RANS method.  Comparative simulations were constructed using direct numerical 

simulation (DNS), large-eddy simulations (LES), and RANS simulations by other 

researchers.  It was found that, for pebble bed geometry, the boundary layer 

approximation produced by RANS resulted in large coefficient of drag errors when 

compared to experimental data, DNS, and LES simulations [7] [18]; however both 
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DNS and LES use less resolution in unit cells which decreases their accuracy in heat 

transfer predictions. 

Another source of the original error for the coefficient of drag, and as is shown in Figure 

18, is that the coefficient of drag has to be corrected.  Besides being split into 

constituent components Star-CCM+ also requires inputs on the area of impact, the input 

velocity, and the fluid density.  Originally it was the author’s understanding that these 

values would automatically update as the solution iterated, however this was not found 

to be true.  Instead the drag graph used only the originally input value meaning that the 

final coefficient of drag had to have new, converged values placed into the Star-CCM+ 

function, and the function re-computed.  When discussing drag the term “uncorrected” 

is the coefficient of drag based upon the originally analytical values for pressure, sphere 

area, and velocity which was used for the initial coefficient of drag ratio.  The term 

“corrected” drag means the coefficient of drag calculated using the solved bulk fluid 

properties and is used for the computation of the more correct scaled coefficient of drag 

ratio. 

Future work should be done to compare simulation methods to better model packed 

pebbles.  For the scaling done here the RANS method the error of the drag coefficient 

ratio (≈ 7%) is small enough that the scaling can be considered accurate.   

Maximum Temperature Considerations 

The ability to predict the maximum temperature, based on localized hotspots, is a major 

safety concern and goal of the proposed OSU HTTF test facility in modeling the HTR-

PM.  When designing the computer simulations it was desirable to suggest that 

localized hot spots could be predicted based on an equivalent temperature profile 

between the prototype and model simulations.   

After investigating local hot spots and their cause it is clear that a purely 

thermohydraulic simulation cannot predict them.  Hot spots are based on random sphere 

packing, neutronics, and local material defects, all of which must be assumed not exist 

in the thermohydraulic simulations to make them computationally feasible.  
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Because these do not exist, however, it was expected to see nearly the same maximum 

temperature in both the model and prototype simulations.  This was not achieved due 

to the way maximum temperature is measured in Star-CCM+.  The maximum 

temperature will occur where the pebbles are touching or nearly touching in the 

simulation.  In Star-CCM+ it was chosen to measure the maximum temperature by 

taking the maximum sphere temperature anywhere on the sphere surface.  

Unfortunately the maximum temperature will depend heavily on the fluid flow and, 

especially in the gap between pebbles, the turbulent model chosen vs. the individual 

mesh cell size.  As has been shown previously the turbulent flow models do a very poor 

job of predicting the flow between the gaps.  Similarly the pebbles were assumed to be 

a 2-dimensional surface, possessing no volumetric material properties.  This means that 

heat cannot be transferred through the sphere from high to low temp areas, which would 

create much more realistic gradients. 

As a result there were large oscillations in the maximum temperature on the sphere for 

the turbulent simulations.  To prevent divergence the maximum temperature was 

limited to 1300 K but even then the simulation did not produce a reliable maximum 

temperature. When individual surface cells were examined large gradients were found 

between adjacent cells in the pebble gap region.  A comparison of the laminar and 

turbulent maximum temperatures is shown below.  The plots include all three measured 

temperatures, the bulk fluid temperature, the average sphere surface temperature, and 

the maximum temperature on all spheres.  The prototype temperature plot is again the 

combing plot of three mesh sizes with large jumps where the solution is stopped, re-

meshed, and re-run around 0.3 and 0.8 seconds. 
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Figure 23 Model temperature plot 

 

Figure 24 Prototype temperature plot 

This maximum temperature flux could be fixed by adding more physic phenomenon to 

the simulations, particularly sphere materials and heat transfer. 

Hexagonal Packing Justification 

All computer simulations conducted in this thesis were done using hexagonal packing 

geometry.  While other computer simulations, particularly tetrahedral and hexagonal 

close packing were desired it was decided that fully analyzing one packing structure 

would best fit the research goals of scaling analysis. In terms of physical space the 
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hexagonal packing occupies more space in the core than any other packing type, 

approximately 40%.   

Besides representing the largest core area, hexagonal packing also occurs 

approximately 4 sphere diameters from the wall, known as the central core region.  

Most wall effects have dissipated by this point meaning that hexagonal packing governs 

the bulk of the core heat transfer.  The central core-region has the least stagnate flow 

and therefore dominates physics of the core.  

Finally, even in areas of the core where other packing structures would better model 

the local packing, the average porosity of the average and near-wall region is the same 

porosity as the hexagonal packing, making it the most applicable to core-scaling  [33]. 

Wall Treatment 

For the computer simulations in this work the “All y+ wall treatment” was used. This 

treatment hybridizes the low y+ treatment, which relies on a low Reynolds number and 

a finely resolved mesh layer around key geometry, and the high y+ treatment which 

allows for less refinement by approximating the boundary layer as larger.  The all y+ 

wall treatment allows for a more general treatment by hybridizing the methods so that 

a specific knowledge of the Reynolds number which changes over the length of the 

spheres. 

Uncertainty and Significant Figures 

For the numerical values produced by the computer simulations and analytical 

calculations there is inherent uncertainty.  This uncertainty has two major sources of 

for this thesis.  First, in the case of the empirical correlations there is an uncertainty 

associated with the correlation that is described in the associated literature and 

generally ranges between 1-5% of the calculated value.  Second, for the purely 

analytical equations there will be uncertainty based upon the uncertainty in the 

calculation of the material properties, such as density, that are used to calculate the 

analytic value.  Noble gasses, as discussed previously, can vary slightly from the ideal 

gas values [34] which can result in uncertainty in the final calculated value. 
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This uncertainty is represented in this work by the chosen number of significant figures 

presented here.  Because the computer simulations can produce many more significant 

figures than is actually possible to show as accurate, the number of significant figures 

is based upon error propagation.  The number of significant figures is related such that 

the uncertainty is the same order of magnitude as the smallest significant figure shown.    

This is adhered to except in the case of percentages which contain 3 significant figures, 

temperature values which contain one decimal place and are purely analytical based on 

the computer simulation, and Nusselt ratios which contain 5 significant figures and 

have a basis in both the fluid properties, and the analytical temperature values.  
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5. CONCLUSIONS 

The overall research objective of this work was to promote the licensing of HTGRs in 

the US by investigating and choosing a promising reactor design, the HTR-PM, and a 

scaled test facility, the OSU HTTF, which could model important phenomenon to the 

safe operation of the HTR-PM.  The scaled test facility would be capable of providing 

data that is representative of the conditions in the HTR-PM in well-defined regions 

during steady state operation with quantified distortions.  In the process of 

accomplishing this goal the following conclusions were drawn. 

After examining literature it can be seen that, for steady-state operation, convection is 

the dominant form of heat transfer.  A comparison of convection to other heat transfer 

mechanisms can be seen in the works of Achenbach [26]  and Yamoah [29].  While the 

other forms were, in some degree, heuristically evaluated and can be scaled for the 

steady state scenario easily, the fluid flow and convection throughout the core 

determine hot spot development and overall reactor safety.  The fluid flow throughout 

the core can be predicted analytically but is locally random based on the random 

packing inside of the core. 

In the scaling of convection between the HTR-PM prototype and the HTTF it was 

found that, due to facility constraints, the HTTF will reside in a different flow regime 

than the HTR-PM.  This makes the scaling more distorted as some approximations have 

to be made in order to create a Nusselt ratio between the prototype and model.  The 

empirical correlation was chosen because of its applicability across flow regimes which 

contributed to the calculated distortions and overall error.  The scaling conducted here 

is only valid for regions that lie within the maximum and minimum porosities of 0.66 

and 0.26 respectively.  The HTTF as scaled should model the bulk heat transfer and 

flow distribution of the core but more research will need to be conducted in near-wall 

regions to estimate the heat transfer due to core bypass flow. 

Based upon the scaling of previous work and on the physical constraints of the HTTF 

design parameters were presented that should allow for the distorted modelling of the 

HTR-PM. When examined the most important conclusion is that, with appropriate 

pebble fabrication, it is feasible to build a scaled facility that is the same number of 
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pebble diameters across as the full scale facility.  This means that the core-wide 

behavior will be similar between the HTR-PM and the HTTF.  This is true not only for 

the phenomenon scaled in this thesis but also for other key phenomenon that include 

random packing, core heat transfer through radiation, and bypass flow.  This geometric 

characteristic greatly increases the applicability of a scaled test facility in the HTTF 

and its possible research scope. 

Although scaling has several sources that contribute to distortion, which include the 

change in geometry of the scaled facility and the correct choice in governing equations, 

it is also possible that the governing equations could have been incorrectly scaled.  To 

demonstrate that the governing equations were accurately scaled CFD models were 

developed that also increased the understanding of pebble-bed modelling in general 

along with supporting the calculated scaled values.  The models demonstrated the 

scaled ratios numerically and support that the scaled ratios were accurately calculated. 

From the computer simulations and the associated residuals it can be seen that the 

hexagonal packing geometry is inferior to other geometries when modeling flow 

characteristics in the pebble-bed reactor.  In other studies a face-centered cubic (FCC) 

packing structure has been used.  This packing maintains the same porosity as the HP, 

however it allows for the construction of periodic boundary conditions placed on the 

lateral walls of the unit cell.  This periodic boundary condition increases the ability of 

the model to converge by dampening oscillatory behavior in the residuals.  The FCC 

geometry also results in simulations that are more computationally efficient allowing 

for the same data to be computed with fewer cells ultimately reducing the computer 

cost of simulating pebble-bed reactors.  Future work should evaluate the unit cell based 

on the FCC packing structure. 

In evaluating the key parameters that substantiate the numerical distortion between the 

prototype and model simulations, the coefficient of drag was found to be very 

erroneous when a RANS method was used.  This was reported in published literature 

but was demonstrated several times by the comparison of the coefficient of drag and 

the turbulent solving model used.  In future work the LES turbulent solver should be 

used when fluid flow properties on the local scale need to be simulated. 
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 By examining the inconsistencies between the simulations and the analytical scaled 

ratios it was shown in this thesis that a 1:1 temperature scale is not necessary to model 

core-bypass flow or other key phenomenon.  While for temperature a 1:1 ratio is ideal, 

the ratio of temperature difference can be taken into account when evaluating fluid flow 

and heat transfer. 

Because of the work done in this thesis and the work done by previous researchers at 

OSU it can be seen that the HTTF is a valuable facility in producing data for the 

licensing of the pebble bed HTGRs.  While it will contain distortions, with the work in 

this thesis and future work it can be scaled to provide representative data of behaviors 

in the HTGR core and reactor cavity.  The HTTF could also, by investigating packed 

spheres, pebble flow, and bypass flow, contribute to fields outside of nuclear 

engineering in understanding of granular flow and fluid flow through packed beds. 

Opportunities for Future Work 

Expanding on the Phenomenon to be Modelled 

Before a test facility can be constructed at OSU, additional work should be done to 

identify more phenomenon for modeling in the scaled facility.  This can include core-

wide as well as local phenomenon, transient, and plenum mixing phenomenon.  Much 

scaling work has been done on the pebble bed design, however the numerical values in 

this work are out of date and they should be updated and used to suggest the appropriate 

phenomenon to be modelled [4].  By examining the simulation efforts of other 

researchers, more experiments could be designed to generate useful data for code 

validation. 

Small-scale Reconfigurable Test Facility for Empirical Correlations 

It has been shown that a core wide-average value does not adequately describe local 

phenomenon when it is based solely on porosity [7].  Because most studies have been 

focused on core-wide phenomenon there is a large opportunity for developing empirical 

heat transfer coefficients on small scale packed spherical test-beds.  

An experimental small scale test bed of configured spheres is the most reasonable way 

to achieve this and should be considered before the HTTF is reconfigured to examine 
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the HTR-PM.  If a small-scale test facility could be re-configurable it could generate 

many empirical correlations useful to the engineering community and the OSU HTTF.  

The small-scale test facility could also model representative flow velocities by 

constructing it as a 60° radial slice of a pebble bed core or equivalent geometry. 

Development of Advanced Computer Simulations 

Along with empirical models, more understanding could be developed of pebble bed 

flow by continuing the simulations started in this thesis.  Adding simulations that model 

different core packing schemes, incorporate the solid material heat generation, increase 

the number of pebble layers, and decrease gap width could better predict sphere 

temperatures and Nusselt numbers.  Additional computer models could also include 

different conduction and radiation. The advance of computing power in the past 5 years 

has made more advanced computer simulations possible that were not before [13]. 

Mesh Refinement and Updating 

After the computer simulations for this thesis had been completed, further research was 

conducted into the mesh surrounding the spheres which can be seen from Figure 11 to 

be very fine.  A prism layer was not used for this mesh as it is not necessary for 

convergence.  However often a prism layer is employed to decrease the number of cells 

needed to resolve the fluid boundary layer.  Future work could implement a prism layer 

to improve the cell efficiency of these simulations and possibly constructer larger 

geometry models. 

Material Research 

Any small-scale test bed or re-configuration of the HTTF core should be include 

material research.  Since radiation is a major mode of heat transfer in the pebble bed 

reactor emissivity of TRISO fuel, and nuclear grade graphite should be evaluated 

through experimental analysis.  Thermal conductivity at high temperatures of the 

TRISO fuel is not available and could be investigated.    
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