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ABSTRACT 

 

 

This work can be viewed in three separate sections, each of which build off of the 

prior. The first part of this study examined the flow in a 1/16th scale calandria test 

section based on a typical CANDU moderator layout. The experiments utilized 

forced flow supplied to the vessel and electrical heated rods to mimic the heat flow 

from calandria tubes.  The size of the vessel, flow rates, and power levels were used 

to scale the experiments such that the provided representative temperature fields.  

The temperature field inside the vessel was measured and shown to compare well 

with CFD predictions over a wide range of inlet conditions and power levels. 

Additionally, this work addressed the scaling distortions in the experiment which 

occurred due to physical limitations when performing experiments at 1/16 scale 

(e.g., a smaller number of heater rods with a larger diameter were used in the 

experiment because at 1/16-scale direct fabrication of 390 fuel channel simulators 

is not feasible).  The work proposed the H factor addition to the Ar. This additional 

scaling criteria was shown to better maintain the flow regimes expected CANDU 

moderators by taking into account distortions introduced by surface heating instead 

of volumetric heating in addition to the reduction in total number of tubes.  While 

this work involved forced convective flows at the inlet of the vessel, in some 

regions of the calandria buoyancy induced forces were sufficiently high such that 

these phenomena altered the direction and magnitude of the flows as compared to 

purely forced convective behavior.  Hence further work, discussed below, was 
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initiated to better understand and measure these local phenomena where buoyancy 

forces are of similar magnitude as those of forced convection.  Such local 

conditions we have terms mixed convection regime for the purposes of this thesis.   

 

The second part of this work further examined the mixed convection between a 

subset of the CANDU calandria tubes, namely how does a lower tube effect the 

mixed convection heat transfer of the upper tube in an inline arrangement. To 

isolate and measure the phenomena with sufficient detail, a small number of tubes 

was studied and advanced diagnostics such as Particle Image Velocimetry (PIV) 

and Laser Induced Fluorescence (LIF) were employed.  This study combined fluid 

velocity, temperature and wall temperature measurements with CFD simulations to 

develop a mechanistic model and understanding of the effect of natural convection 

plumes from lower elevations on the natural circulation phenomena on an upper 

cylinder. Superposition of the natural convection phenomena combined with 

pseudo forced convection effects from the lower elevation cylinderôs plume was 

used to model the mixed convection phenomena. This model was shown to perform 

well, with nearly all data being predicted to with +-20% for experiments performed 

in this work, and experiments in literature. 

 

A major finding from the preceding discussion is the importance of the lower 

elevation plume velocity on the local phenomena on the upper cylinder.  The third 

section further expanded upon the prior two by replacing the lower cylinder with a 
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diffuser nozzle which could provide a forced convective component with accurately 

defined velocities. Such measurements allow for accurate definition of the local Ri 

number and allowed full access for instrumentation to observe the velocity fields. 

The major contribution of this work was a flow regime map that defined the 

phenomena around a heated cylinder under mixed convection conditions. 

Additionally, the establishment of a database of fluid temperature and velocity 

measurements for a wide range of Ri was also developed and used to further 

validate CFD predictions.   



 

ix 

 

Table of Contents 

 

I. List of Figures ................................................................................................ xi 

II.  List of Tables ................................................................................................ xv 

1 INTRODUCTION .......................................................................................... 1 

1.1 Background .............................................................................................. 2 

1.2 CANDU Reactors ..................................................................................... 3 

1.3 Aim of the Study ...................................................................................... 5 

2 LITERATURE REVIEW ............................................................................... 9 

2.1 Heated Flow Around Cylinders.............................................................. 10 

2.2 Tandem Cylinder Heat transfer: Effect and determination of local 

conditions .......................................................................................................... 14 

2.3 Flow Patterns: Moderator of CANDU Reactors .................................... 16 

3 Sensitivity of local Flow Structures to Ri: Transitions in flow around a cylinder 

vs Ri ...................................................................................................................... 20 

4 Modelling and Predicting Mixed Convection Heat Transfer based on local 

conditions for Cylinder Pair .................................................................................. 51 

5 Mixed Convective Flow Patterns for CANDU Geometries: Accounting for 

Scaling Distortions and issues with Ar ................................................................. 66 

6 CONCLUSIONS........................................................................................... 81 



 

x 

 

7 FUTURE WORK .......................................................................................... 86 

7.1 Future Moderator Flow Work ................................................................ 87 

7.1.1 Departure From Nucleate Boiling Tests: ........................................ 87 

7.1.2 Simplified Experimental Studies to Confirm ArH .......................... 88 

7.2 Mixed Convection Heat Transfer Studies in cylinders .......................... 89 

7.2.1 Improving the transition to turbulence of a free thermal plume ..... 89 

7.2.2 Additional Validation Experiments ................................................ 90 

7.3 Critical Ri and heated flow around a cylinder ........................................ 91 

7.3.1 Additional Experimental data ......................................................... 91 

7.3.2 Further numerical studies ................................................................ 92 

7.3.3 Examination to CANDU type Geometry ........................................ 93 

8 Bibliography ................................................................................................. 95 

9 Appendix ..................................................................................................... 100 

9.1 Heat Transfer Measurements for upward flow around a cylinder ....... 101 

9.2 Particle Image Velocimetry Standard Operating Procedure ................ 105 

9.2.1 General Instructions/Considerations ............................................. 108 

9.2.2 Laser Startup Procedure ................................................................ 108 

9.2.3 Light Arm Alignment Procedure .................................................. 109 

9.2.4 Performing Particle Image Velocimetry ....................................... 110 



 

xi 

 

9.2.5 Shutdown Procedure ..................................................................... 111 

9.2.6 Parameters ..................................................................................... 111 

9.3 LIF Calibration Curves......................................................................... 114 

9.3.1 Free Convection LIF ..................................................................... 114 

9.3.2 Mixed Convection LIF Experiments ............................................ 115 

9.4 Effect of Refractive Index Change ....................................................... 117 

9.5 Effect of Angular Tilt ........................................................................... 119 

9.6 Diffuser Nozzle Design/Performance .................................................. 120 

9.7 Departure from Nucleate Boiling in Tube Arrays: Literature Review. 126 

9.7.1 Enhancement Effect ...................................................................... 146 

9.7.2 Diminishment Effect ..................................................................... 147 

9.7.3 Flaws in experimental studies ....................................................... 148 

9.8 Design Drawings .................................................................................. 149 

9.9 Calibration Documents ......................................................................... 168 

 

I.  List  of Figures 

Figure 1. Calandria and pressure tubes of a typical CANDU reactor from [1] ...... 4 

Figure 2. Fuel bundle, pressure tube and calandria tube arrangement for a typical 

CANDU from [2] .................................................................................................... 5 



 

xii  

 

Figure 3. Visualizes the methods by which the calandria and pressure tubes can 

come into contact in beyond design basis accident events, from Strack [3]. .......... 5 

Figure 4. Circumferentially averaged Temperature differences vs Oncoming 

velocity ................................................................................................................ 102 

Figure 5. Circumferential Temperature Distribution for q" = 8.5kW/m2 ........... 102 

Figure 6. Circumferential Temperature Distribution for q" = 18kW/m2 ............ 103 

Figure 7. Circumferential Temperature Distribution for q" = 25.6kW/m2 ......... 103 

Figure 8. Circumferential Temperature Distribution for q" = 34.1kW/m2 ......... 104 

Figure 9. Circumferential Temperature distribution normalized to the average for 

all tested velocities at a heat flux of 25.6kW/m2 ................................................ 104 

Figure 10. Calibration curves used for the free-convection cylinder LIF 

experiments ......................................................................................................... 115 

Figure 11. Calibration data points captured during the mixed convection LIF 

experimental campaign ....................................................................................... 116 

Figure 12. Seed profile for no angular tilt for 64W for a pure free thermal plume

............................................................................................................................. 118 

Figure 13. Seed profile for a pure thermal plume for 512W .............................. 119 

Figure 14. Effect of the angular tilt at Y=50mm from the surface of the cylinder

............................................................................................................................. 120 

Figure 15. General design layout for the large diffuser nozzle designed for the 

single cylinder experiments ................................................................................ 121 



 

xiii  

 

Figure 16. Four 3-d printed parts comprising the diffuser nozzle, top left: Inlet, top 

right: baffle plate, bottom left: smooth contraction, and bottom right: outlet and 

flow straightener ................................................................................................. 122 

Figure 17. Isometric of the complete assembly of the large diffuser nozzle ...... 123 

Figure 18. k-w SST contour of the centreline of the nozzle for a mass flow of 100g/s

............................................................................................................................. 124 

Figure 19. Raw PIV image of the installed diffuser nozzle ................................ 125 

Figure 20. Experimental facility of Chan and Shoukri [26] ............................... 127 

Figure 21. CHF enhancement/diminishment of a cylinder in a heated array vs 

unheated [26] ...................................................................................................... 129 

Figure 22. Experimental facility used by Thibault [27] ...................................... 131 

Figure 23. Thibault's quenching CHF results as a function of angle and subcooling. 

Note only 12 circumferential measurements [27] ............................................... 133 

Figure 24. Thibault's saturated single tube CHF data collected with their steam line. 

The distance in cm corresponds to the distance from the nozzle to the cylinder [27]

............................................................................................................................. 134 

Figure 25. Tube array quenching CHF data obtained by Thibault [27].............. 136 

Figure 26. Percent increase in CHF for a tube subjected to boiling from adjacent 

tubes in the central column. Note that this percent increase is over the heater 

reaching CHF without the other tubes heated [27] ............................................. 137 

Figure 27. CHF data versus mass flux and inlet quality for Cumo et al's [28] 

experiments ......................................................................................................... 139 



 

xiv 

 

Figure 28. CHF data gathered by Fujita and Hidako [29] as a function of lower 

heater power. ....................................................................................................... 141 

Figure 29. Tube array used by Yao and Hwang [30] in addition to a schematic 

(right) with postulated hydrodynamics. .............................................................. 143 

Figure 30. CHF data captured by Yao and Hwang [30] for their tube array 

experiments compared against their correlation and Haramura and Katto's model.

............................................................................................................................. 144 

Figure 31. Three CHF vs quality curves that Leroux and Jensen [31] found from 

their data.............................................................................................................. 145 

Figure 32. Isometric for the test section for used in the experiments in section 5

............................................................................................................................. 150 

Figure 33. Test section front view for section 5 cross-section ........................... 151 

Figure 34. Test section front view for section 5 East side view ......................... 152 

Figure 35. Test section front view for section 5 West side view ........................ 153 

Figure 36: Test section heater used in section 5 and as Heater A in sections 3 and 

4........................................................................................................................... 154 

Figure 37. Front view of ñLargeò Diffuser Nozzles used in section 5 ............... 157 

Figure 38. Side view of ñLargeò Diffuser Nozzles used in section 5 ................. 158 

Figure 39. Back view of ñLargeò Diffuser Nozzles used in section 5 ................ 159 

Figure 40. Front view of ñsmallò diffuser nozzles used in section 5 .................. 161 

Figure 41. Side view of ñsmallò diffuser nozzles used in section 5 ................... 162 

Figure 42. Rear view of ñsmallò diffuser nozzles used in section 5 ................... 163 



 

xv 

 

Figure 43. Front view of spray headers .............................................................. 164 

Figure 44. Side view of spray headers ................................................................ 165 

Figure 45. Isometrics showing the test section orientation for experiments in section 

4........................................................................................................................... 166 

Figure 46. Assembled inlet manifold for section 4 tests ..................................... 166 

Figure 47. Inlet Manifold used in section 4 connection piece ï 0-degree view . 167 

Figure 48. Inlet Manifold used in section 4: 45-degree view ............................. 167 

Figure 49. Isometrics of the test section setup for experiments in section 3. ..... 168 

II.  List  of Tables 

Table 1: Design and measured values for the test section used in section 5 ...... 153 

Table 2: Heated assembly specifications ............................................................ 154 

Table 3. Thermocouple Positioning: Heater B used in section 3 experiments ... 155 

Table 4. Thermocouple Positioning: Heater B used in section 4 experiments ... 156 

Table 5: Displays measured and design values for the ñLargeò Diffuser Nozzles

............................................................................................................................. 160 

Table 6: Measured and design values for the ñSmallò Diffuser Nozzles used in 

section 5 .............................................................................................................. 164 

Table 7: Measured and design values for the Spray Headers ............................. 166 

Table 8. Thermocouple Calibration Data............................................................ 169 

 



C.W.Hollingshead  McMaster University 

PhD Thesis  Engineering Physics 

1 

 

1 INTRODUCTION  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ñDonôt worry, donôt be afraid, ever because, its just a ride. And we can change it 

anytime we want. Its only a choice. Between Fear and Loveò 

 Bill Hicks  
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1.1 Background 

The Fukushima Daiichi Nuclear Power Plant underwent a magnitude 9.0 

earthquake with the resultant Tsunami flooding the stations emergency backup 

diesel generators. This resulted in a Station Blackout (SBO) event which eventually 

led to a meltdown of fuel in the core of units 1,2 and 4 and subsequent hydrogen 

explosions. This has led to a large cleanup effort which is still underway over 10 

years later as of writing. 

 

Understandably, this event has led to significant changes for the use of Nuclear 

Energy, with countries such as Germany in the midst of a complete phase out of 

nuclear energy as a result. In Canada, this resulted in a re-examination of nuclear 

response plans and significant research into how Canadian reactors would respond 

to similar significant events experienced at Fukushima Daiichi and other potentially 

harmful scenarios, broadly classified as Beyond Design Basis Accidents (BDBA). 

 

 The unique features of CANDU reactors can provide additional response time for 

operators in such events provided that there is sufficient cooling of the fuel channel 

assemblies, maintaining channel integrity in both Design Basis Accidents (DBA) 

and BDBA.  This work relates to the improvement of the understanding of mixed 

convection phenomena around horizontal cylinders, which has been studied much 

less than forced and natural convection. In DBA and BDBA type events, significant 
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amounts of thermally generated flow will be present, as a result improved mixed 

convection predictions can aid in assessing fuel channel integrity. 

1.2 CANDU Reactors 

The CANadian Deuterium Uranium reactor, or CANDU for short, is a Pressurized 

Heavy water reactor. Contrary to Boiling Water Reactors (BWR) and Pressurised 

Water Reactors (PWR), CANDUôs make use of separate heavy water coolant and 

moderators with a pressure tubes, annular gas insulator, and calandria tube 

separating the two. This is in contrast to BWRs and PWRs reactor technologies 

where the coolant and moderator is the same body of water. This is partially 

visualized in Figure 1 and Figure 2. The large and separate moderator volume 

provides unique safety features in design basis accidents (DBA) and BDBA as it 

can allow for additional cooling when pressure tube (PT) and calandria tube (CT) 

contact is established. For example, a postulated BDBA would result in a rising fuel 

temperature, causing expansion or sagging of the PT that houses the fuel. 

Depending on the specific type of accident that occurs and what happens with the 

pressure in the primary heat transport system, the pressure tube will balloon or sag 

into contact with the surrounding CT which separates the moderator and the coolant 

as shown in Figure 3. This contact establishes a heat transfer path whereby decay 

heat from the fuel and fuel assembly in the pressure tube can transfer into the low-

pressure low-temperature moderator. These phenomena can establish a heat sink 

pathway to the moderator liquid, and given its large mass it can limit the fuel 

channel assembly temperatures for a period of time which can give reactor 
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operators and first responders additional time to respond to the situation and halt 

the accident progression.  However, such a heat sink can be sustained as long as the 

moderator volume is sufficient or is replenished by responders, and that sustained 

boiling crisis on the calandria tube surface is prevented. In order to aid in the 

determination of channel integrity, detailed knowledge of the heat transfer, and 

flow topologies generated by the mixed convective flow generated by this direct 

heating of the calandria tube is required and is the primary aim of this work. 

 

Figure 1. Calandria and pressure tubes of a typical CANDU reactor from [1] 



C.W.Hollingshead  McMaster University 

PhD Thesis  Engineering Physics 

5 

 

 

Figure 2. Fuel bundle, pressure tube and calandria tube arrangement for a typical 

CANDU from [2] 

 

Figure 3. Visualizes the methods by which the calandria and pressure tubes can 

come into contact in beyond design basis accident events, from Strack [3]. 

1.3 Aim of the Study 

The aim of this thesis is to expand and improve the current modelling capability of 

the Canadian nuclear industry for the local conditions in the CANDU moderator 
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which are important in DBA and BDBA. More specifically, to improve the 

understanding of the mixed convective heat transfer expected in these types of 

events, and the resultant flow topology. 

 

This is to be largely done by expanding on the current knowledge bases in single 

phase Mixed Convection through a set of separate effects studies examining the 

interplay of buoyancy and momentum at three different levels. These investigations 

use a single cylinder, a cylinder pair, and a semi-scale 1/16th test rig based on the 

CANDU moderator flow configuration. This work is most relevant for the 

ballooning case above given the use of electrical heaters which provide a uniform 

heat flux in the circumferential direction. This differs from the sagging case as there 

will be a larger contact area with the calandria tube. This is believed to represent 

the worst-case scenario, as the sagging case would generate a local hot spot and 

begin to boil, allowing for steam induced convection to enhance heat transfer. 

 

The key contribution of this work is  

i) the generation of new high-fidelity experimental data to improve the 

understanding of mixed convection flows around horizontal cylinders,   

ii)  validation of CFD against these new experimental data. 

iii)  Development of new methods for quantifying the flow topology around 

the cylinders and for predicting the single phase heat transfer on these 

cylinders.   
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The thesis is organized as a compilation of 3 journal papers which each examine 

the work at different scales.  The first examines the integral behaviour inside a 

complete 1/16-scale calandria vessel.  Based on the observed flow patterns and 

plumes in this experiment, a modified facility with fewer tubes and optical access 

for PIV and LIF measurements was developed and used for the second paper.  The 

second paper investigated the interaction of the lower plume on the heat transfer 

around a cylinder at higher elevation.  While the CFD results agreed well with the 

experimental measurements, the experiments in that work could not be used to 

systematically explore the impact of plume velocity, temperature and diameter 

because the plumes were driven solely by buoyancy phenomena.  In the third paper, 

the effect of each parameter was isolated by introducing a round jet in replacement 

of the lower cylinder such that the incoming velocity and temperature field was 

measured.  In the final chapter a summary of the contributions to knowledge is 

provided as well as the main conclusions from this work. 

 

The intended use of this work is to support the development of tools for predicting 

local conditions. These local conditions can be critically important for determining 

fuel channel integrity. The use of this work may look like using model predictions 

of local temperatures to feed into advanced quenching models like that developed 

by Dion [4] which determine fuel channel integrity. Additionally, the experiments 
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and models developed here can be used to further focus and isolate specific 

phenomena for future simulations and experiments in the mixed convective regime.   
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2 LITERATURE REVIEW  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ñWhen you do things right, people wonôt be sure youôve done anything at allò  

Robot God 
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A complete literature survey has largely already been completed in the introduction 

section of each of the three papers comprising this thesis. As such, this section will 

largely focus on the key pieces of literature pertinent to this thesis and examine the 

deficiencies and opportunities for improvement.  

2.1 Heated Flow Around Cylinders 

Flow around cylinders has been extensively studied isothermally with the wake 

structures and subsequent von-Karman flow structures well characterized through 

comprehensive works such as Zdravkovich [5]. Comparatively, flow behind heated 

cylinders and the effect that heat has on local flow structures has been much less 

examined in literature. 

 

Typical adiabatic flow around a cylinder contains von-Karman vortices assuming 

a high enough inlet Re. Such vortices have characteristic frequencies and alternate 

from either side of the cylinder.  Studies such as [6]-[9] have shown that as heat is 

added to the cylinder, there is a point whereby the heat addition completely 

modifies the shedding process to go from a von-Karman shedding process to an 

eddy pair process. Additionally, as power is further increased, the entire 

suppression of all types of vortex formation is eventually reached. These critical 

points are typically reported based on transitions using a critical Ri, though it must 

be emphasized here that at least two types of critical Ri exist, the disruption of pure 

von-karman shedding, and the elimination of vortex shedding in general. It also 

must be noted that studies such as Singh et al [6] and Hu and Koochesfahani [7] 
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have shown that there appears to be a significant difference in the critical Ri 

measured for air versus water experiments, with a higher Ri being required for 

water experiments in comparison to air experiments at similar Re ranges. This 

difference does not appear to have been examined or even acknowledged in 

previous works. Finally it should be noted that there currently lacks a general 

approach to attempt to model these critical Ri. [8] [6] [9] [7] 

 

Using water as a working fluid, Michaux-Leblond and Belorgey [9] examined the 

wake structure behind a 11.7mm diameter cylinder using Laser Doppler 

Velocimetry for a geometry where the incident velocity was in the same direction 

as the buoyancy direction (hereafter described as an aiding geometry). Using these 

measurements, they determined that at approximately a Ri = 0.49, the typical von-

Karman vortex shedding pattern was replaced by a ñstanding eddyò pattern. They 

noted that as power was increased further that this standing eddy pattern was 

eventually fully suppressed as well. While this study was one of the first found to 

experimentally report on the transition between pure von-Karman vortices to an 

Eddy pair type regime, it offered no measurements of when the eddy pair regime 

disappeared. Additionally, its noted that this first transition was dependent on Re 

but only a single critical Ri was reported.   

 

The study of Hu and Koochesfahani [7] additionally experimentally measured the 

temperature and velocity fields behind a 4.76mm diameter cylinder in an opposing 
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flow configuration for a variety of Ri at a Re of 135. Hu and Koochesfahani [7] 

found that when a Ri of 0.72 was reached, their von-Karman vortices were replaced 

with what were referred to as smaller wake vortices which appeared to shed at very 

nearly the same time. These smaller wake vortices were also noted to appear more 

ñKelvin-Helmholtzò in nature. This was an indication that buoyant effects were 

beginning to become prevalent in the resultant flow structures. While this study was 

the first to present detailed velocity measurements coupled with temperature 

measurements they did not report a Ri whereby vortex formation was precluded 

entirely and thermal effects becoming dominant nor were any mechanistic criteria 

explored.  

 

The study of Kakade et al [8] examined the critical Ri for square channel type 

geometries at varying angles to the oncoming flow field in an aiding flow 

orientation. Using Schileren interferometry, they measured the critical Ri vs angle 

for a relatively tight range of Re. They found that there exists a strong dependence 

on angle with it maximized at 20-degrees and then held constant past that point. Of 

note, when this critical Ri was reached, vortex shedding was entirely suppressed, 

meaning that the pair-wise vortex regime was precluded, as noted in earlier 

mentioned water experiments.  This indicates that the regime transitions are not 

purely Ri dependent, but that other mechanisms which depend on fluid properties, 

may also play some role.   

  



C.W.Hollingshead  McMaster University 

PhD Thesis  Engineering Physics 

13 

 

Singh et al [6] measured the critical Ri in a square channel type geometry and a 

cylinder in air, again using Schileren interferometry. They noted no significant 

difference between the value measured for cylinders versus the square channels and 

like Kakade et al [8] found that at the critical Ri, vortex generation was suppressed 

entirely. The magnitude of these values for the cylinder cases were found to be in 

the range of 0.12->0.15, in the Re range of 85-100, with the critical Ri increasing 

with increasing Re in this range. As mentioned prior, this is significantly lower than 

the values in water studies.  

 

These most relevant studies summarized above seem to suggest that the critical Ri 

has some dependency on fluid properties given the differences observed in air and 

water. Unfortunately, no examination into these differences or potential reasons 

why could be found in existing literature. Initial thoughts expanded upon further in 

section 3 include the significant differences in the relative thicknesses of the 

thermal and momentum boundary layers in air versus water, as seen in the 

difference in Pr. The Pr dependency may also account for the observed differences 

in regime transition between working fluids.  Additionally, these significant 

differences in critical Ri suggest that a mechanistic regime transition criteria can be 

adopted. 
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2.2 Tandem Cylinder Heat transfer: Effect and determination of local 

conditions 

The impact on heat transfer and local conditions due to the thermal effects of the 

lower cylinder on the upper cylinder in a tandem pair has been studied in literature 

due to its key role in commercial heat exchangers and other applications. These 

studies tended to be experimental in nature and focused solely on heat transfer 

properties from a single cylinder to develop wide ranged correlations such as 

Morgan [10] and Ulinskas and Zukauskas [11]. With newer non-intrusive 

measurement techniques such as PIV and LIF, recent studies have begun examining 

the interaction between two cylinders and how the lower cylinder effects the 

properties of the upper cylinder. 

 

From a heat transfer perspective, experiments such as [12-14] have been done for 

water and air. Generally, for smaller P/D such as 1.5, heat transfer reduction is 

noted due to the heating effect of the lower cylinder which tends to decrease the 

local temperature difference between the upper tube surface and fluid. There do 

appear to be differences between air and water based experiments, with 

experiments like Sparrow and Niethammer [12] showing much more significant 

heat transfer degradation for smaller P/Dôs than the experiments of Grafsronnigen 

and Jensen [13]. Conversely, for the larger tube spacing, enhancements are found, 

upwards of 30-40% for P/D = 5 in water from the experiments of Grafsronnigen 

and Jensen [13]. [13] [14] [12] 
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Examination of the local fluid conditions around the horizontal cylinders has also 

been studied more recently with techniques such as PIV and LIF. Grafsronnigen et 

al [15], measured the velocity and temperature field around a 54mm diameter 

cylinder for Ra = 8x107. Subsequently, Ma and He [16] attempted to validate their 

Large Eddy Simulation (LES) model with the experimental data of Grafsronnigen 

et al [15]. This was largely successful as Ma and He [16] quoted a tendency of the 

LES model to over predict velocity measurements by 15%, thermal predictions 

were not presented. This approach by Ma and He [16] is particularly useful given 

the previous failures of modelling the local conditions around a cylinder by other 

studies such as Grafsronnigen and Jensen [17]. The change in approach that appears 

to have made Ma and He [16] much more successful is the use of pressure outlet 

boundaries for the entire domain boundary, much more accurately capturing an 

ñinfiniteò medium. [18] 

 

Stafford and Egan [19] developed a heat transfer model to predict the heat transfer 

of the upper cylinder in a cylinder pair versus the power of the lower cylinder for 

any distance or P/D ratio. This model made use of correlations to calculate the 

forced convective Nu and the natural convective Nu. These two Nu were combined 

via a superposition with and exponent of n=3. The heating effect was handled by 

evaluating the wall temperature at the local fluid temperature predicted. To obtain 

the local conditions, Stafford and Egan [19] made use of the laminar point source 
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model developed by Gebhart et al [20] for velocity, and a temperature model they 

developed themselves via similarity analysis. While this model appears to be the 

first to attempt to predict the local conditions of such a geometry and use them in 

the heat transfer calculation, the underlying relations used for the velocity and 

temperature predictions had significant limitations, and do not account for 

phenomenon such as the turbulent transition observed in free thermal plumes at 

certain distances away from the source. Additionally, the Ra range used to develop 

this model is limiting for the application of this model to water based 

experiments/applications.  

 

These studies seem to indicate that experimental techniques and supporting LES 

simulations can be used to develop more physical/general criteria. This would allow 

for the expansion and improvement of models such as Stafford and Egan [19] for a 

wider Ra range and for different working fluids, specifically for water.  

2.3 Flow Patterns: Moderator of CANDU Reactors 

Several experimental studies [22-25] have been performed over the years with the 

intent of developing better experimental data to understand the flow pattern and 

hence temperature/velocity distribution in the moderator of a CANDU and to 

develop/enhance prediction methods such as CFD. The accurate prediction of local 

temperatures and velocities during normal operating conditions and postulated 

severe accidents is of great importance in safety calculations, to prevent the failure 

of the calandria tubes and to halt the progression of the postulated accident and 
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maintain fuel/fission product containment in the primary heat transport system. [21] 

[22] [23] [3] [24] [25] 

Khartibil et al [25] designed and performed experiments on a ¼ scale test facility 

based on the CANDU-9 design. One key scaling issue discovered was the 

conservation of the inlet Re and temperature gradient across the vessel. Due to the 

decrease in diameter, if the Re were to be maintained, the temperature gradient 

would increase to the third power, which can very quickly become unfeasible. To 

avoid this issue, Khartibil et al [25] made use of the Ar (equation (1) below) to 

estimate of the buoyancy force in the vessel to the convective force. Note, this Ar 

may be thought of as a ñGlobalò Ri, as it makes use of the total temperature 

difference across the vessel, the average inlet velocity into the vessel, and the 

diameter of the vessel in its formulation. Using this Ar as their primary 

consideration for scaling inlet conditions, Khartibil et al [25] suggested that so long 

as the inlet Re was large enough to ensure turbulent flow in the inlet of the vessel 

as found in the full-scale design, flow patterns and non-dimensionalized 

temperature profiles should be maintained. This approach has been generally 

accepted by subsequent studies, however it would appear to underestimate the 

buoyant force via its use of a temperature gradient across the moderator, and not a 

local temperature near the heated elements/region. Under volumetric heating 

conditions such differences are likely negligible, but for cases with direct heating 

of a small number of tubes the local heat flux would generate strongly local 

temperature gradients around each heater.  Additionally, this scaling criteria does 
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not appear to suggest how to handle the differences in heating arrangement found 

between scaled facilities (surface heating/electrical) versus the full-scale facility 

(volumetric/nuclear). 

 
ὃὶ

Ὣ‍ɝὝὈ

ὺ
 

 

(1) 

Kim et al [23] experimentally examined the development of a downward secondary 

jet at the top of a ¼ scale CANDU-6 geometry in isothermal conditions via PIV. 

While their geometry did include two significant distortions from reality by using 

air as the working fluid and a simplified nozzle design, they noted that their 

qualitative jet profile was very similar to prior experiments and experience with 

water, with the downward magnitude being approximately 50% of the average 

velocity at the top of the vessel. Using CFD analysis with the k-w SST turbulent 

model to numerically examine their tests, they observed that their CFD model 

appeared to under predict dissipation and diffusion, leading to higher velocities 

predicted than observed. These observations combined with the work of more 

recent studies such as Ma and He [16] seem to suggest that RANS based CFD 

models of these types of geometries have a cancellation of errors to some degree, 

with an over prediction of buoyancy and under prediction of inlet and secondary jet 

spreading. Given that Kim et al [23]  performed their experiments isothermally, the 

addition of some heated cases from this geometry [23] would have greatly 

contributed to the understanding of how these two apparent modelling errors affect 
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temperature and velocity predictions. If subsequent heated experiments were 

performed using the facility of Kim et al [23] , they are not availiable in literature 

as of writing. 

 

Strack [3] examined the temperature fields of a 1/16th scale test facility based on 

the Bruce A moderator configuration experimentally and numerically. It was found 

that the CFD model using realizable k-e, tended to over predict temperatures. For 

qualitative comparisons to the full-scale design, the 1/16th facility was found to 

contain stronger buoyancy forces for similar Ar. This was largely attributed to the 

scaling distortions introduced into the 1/16th facility such as reduced number of 

heaters, and surface heating versus volumetric heating. The work of Strack [3] 

seems to suggest that the change in heating arrangement between scales is not fully 

reflected in the conventional scaling criteria of the Ar. This effect appears to be 

enhanced in the work of Strack [3] as compared to Khartibil et al [25] and Rhee et 

al [21], which showed that although the total power was scaled correctly, the 

concentration of this power into a small number of heater rods in the centre of the 

vessel, increasing the buoyancy strength relative to a larger tube array.  
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3 Sensitivity of local Flow Structures to Ri: Transitions in flow 

around a cylinder vs Ri 

About this Paper: 

 

Contribution to Knowledge: 

The end goal of this study was to collect temperature and velocity data for upward 

flow around a cylinder for a wide variety of Ri to assess the flow structure changes 

and to develop a wide range of data for subsequent CFD validation. Once this 

section was completed, the data was arranged in a flow pattern map via visual 

observations, like the type regularly seen in 2-phase flow studies to quantify the 

transitions between phase distributions. Using this flow regime map and subsequent 

simulations, transition criteria were developed based on physical considerations. 

These transitions included the disappearance of the vortex flow structure routinely 

associated with momentum dominated flow around a cylinder, and the development 

of thermal plumes. 

 

Additionally, the significant differences between air and water for vortex 

suppression identified in literature was briefly examined. Via CFD simulations, the 

effect of fluid property changes was isolated to examine the physical 

phenomenological differences for different fluids in aiding flow around a cylinder.  
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By modifying the specific heat capacity of water, the Pr was increased and 

decreased to show that for a thinner thermal boundary layer, a higher Ri is required. 

This means that more buoyancy is required to fully suppress all vortices with all 

other conditions remaining constant for higher Pr fluids.  This work resolved the 

apparent differences observed in literature which showed different transition 

regimes occurring for different operating liquids.   

 

One of the main and novel contributions of this thesis was the experimental 

investigation of the transition phenomena through the natural to mixed convection 

to forced convection regimes, and the development of mechanistic based transition 

models capable of working for different fluids. 

Authors Contribution: 

The author (C.W. Hollingshead) was the primary contributor to this study. The 

CFD/LES model, experimental apparatus and test plan were all developed 

primarily by Hollingshead with feedback from the co-authors. The experiments 

were constructed and performed by Hollingshead.  Similarly, the analysis and 

model development work in this study was also primarily done by Hollingshead 

with guidance from the co-authors. Finally, Hollingshead was responsible for 

writing the draft paper, with the co-authors contributing significantly in the editing 

and review process. This paper was submitted to the Journal of Nuclear Engineering 

and Design on 2022-08-11 and is currently undergoing peer review as of writing. 
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