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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 cylinder’s 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.   
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1 INTRODUCTION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Don’t worry, don’t be afraid, ever because, its just a ride. And we can change it 

anytime we want. Its only a choice. Between Fear and Love” 

 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), CANDU’s 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] 
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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 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“When you do things right, people won’t be sure you’ve done anything at all”  

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 “standing eddy” 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 

“Kelvin-Helmholtz” 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.   
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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/D’s 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 

“infinite” 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 “Global” 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). 

 
𝐴𝑟 =

𝑔𝛽Δ𝑇𝐷

𝑣𝑖𝑛
2  

 

(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- 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.  

  



C.W.Hollingshead  McMaster University 

PhD Thesis  Engineering Physics 

20 

 

 

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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4 Modelling and Predicting Mixed Convection Heat Transfer 

based on local conditions for Cylinder Pair 

About this Paper: 

 

Contribution to Knowledge: 

This paper improves the knowledge base of mixed convection in three primary 

ways: 

1. Generation of additional experimental data (PIV, LIF and Wall temperature 

measurements) of flow and temperatures around 2 horizontally and in-line 

cylinders available for subsequent CFD validation and model development. 

2. LES simulations of the inline-cylinder natural convection tests were 

performed and validated.  Subsequently, CFD was used to supplement  

experimental data in the development of local condition prediction methods 

for fluid temperature and maximum plume velocity as functions of distance 

from the lower cylinder surface 

3. The development of a mixed convection heat transfer model based on 

physically derived local conditions for water. This was validated against 

experimental data captured during this study, and data available in literature 

from the experiments of Grafsronnigen and Jensen [13]. 

Authors Contribution: 
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The author (Hollingshead) was primarily responsible for the all of the experimental 

work, simulation work, analysis and draft paper writing. The co-authors contributed 

significantly via guidance at each step of the work, and with their valuable edits.  
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5 Mixed Convective Flow Patterns for CANDU Geometries: 

Accounting for Scaling Distortions and issues with Ar 

About this Paper: 

 

Contribution to Knowledge: 

This paper added additional experimental and simulation data to further 

characterize the performance of CFD for CANDU geometries in an integral test 

facility. This was in the continued effort to improve the prediction of local 

conditions important in the determination of fuel channel integrity in DBA and 

BDBA events. This paper analyzed various scaling distortions introduced by a 

1/16th scaling via CFD simulation and suggested key features of the geometry 

whereby minimization of these distortions could be achieved. Additionally, the 

performance of the Ar on the non-dimensional temperature field was assessed. 

While the Ar was found to yield the same temperature distribution in well-mixed 

regions of the tank, flow pattern was found to be a stronger factor. Consequently, a 

modification factor H, based on the heat flux areas of the ideal vs built case was 

proposed in an attempt to correct for the increase in buoyant force when fewer 

heaters are present or heated.  Thus the novelty of this work, beyond the 

experimental data generated and CFD validation performed, was in the 
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development of an additional scaling parameter needed to assure mixed convection 

similarity in smaller scale facilities. 

Authors Contribution: 

The primary author (Hollingshead) performed all of the draft writing, analysis and 

experimentation for this study. The CFD simulations for this work were primarily 

performed by Rashkovan under the direction of Hollingshead for choice of heating 

arrangement, Ar and other factors. The initial design of the test vessel used was 

performed by Strack. Funding, support and guidance was provided by Novog. All 

co-authors contributed significantly to the editing of the document. 
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6 CONCLUSIONS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“We are here to laugh at the odds and live our lives so well that Death will tremble 

to take us” 

Charles Bukowski  
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The combined efforts of this thesis expand the understanding of mixed convection 

and buoyant induced flows. Specific conclusions for each study are found in each 

paper, this section will rather focus on the greater impact of the combined works. 

 

A primary contribution of these works is the ability to determine the “global” flow 

pattern in a CANDU-moderator type geometry via CFD and the associated 

experimental validation in section 5. This can be coupled with the “local” heat 

transfer and flow topology information from sections 3 and 4 which measure the 

specific interactions between buoyancy and forced convection in the near-field 

around each tube. The combination of this information allows for a deeper 

understanding of how the local conditions around calandria tubes are formed based 

on macroscopic calandria-wide behaviour, and the impact on heat transfer, flow 

topology and local condition predictions for fuel channel integrity calculations.  

 

Additionally, the corrections and models presented provide a basis from assessing 

the applicability of experimental results to actual in-core predictions or to design a 

test campaign involving mixed convection phenomena. For example, to assess the 

applicability of previous experiments to a given mixed convection design and/or to 

assess scaling behaviour, one would utilize the traditional macroscopic scaling 

assessed in section 5 based on important non-dimensional parameters, but to ensure 

similarity of local behaviour one would want to ensure coverage of the same flow 

topologies (and transitions) as discussed in section 3.   Given the success of CFD 
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validation in all three papers, potential use of URANS based CFD models of the 

full core could be used to ensure both the macro and local flow features are 

represented in a given experiment. 

 

A consistent finding amongst all of the studies conducted was an apparent small 

over-estimation of buoyant effects in CFD simulations relative to experiment which 

may have resulted from either larger buoyancy forces, or an underprediction of 

turbulent dissipation which would act to reduce the buoyant plume features. While 

in general CFD did quite well in all aspects of the studies, it is important to reflect 

on the causes of the systematic behaviour in the simulations.  This was found 

irrespective of modelling approach (RANS vs LES) and was consistent with prior 

literature where available. While this result seemed to be partially due to over-stated 

jet spreading in the RANS simulations, this is not believed to be the case for the 

LES simulations (since LES models do not involve the same approximations used 

in RANS that lead to jet spreading issues). Given that the over-prediction of 

buoyancy appeared to only worsen with increasing power, it appears to caused by 

the Bousinseq approximation itself, and/or in the case of LES the applied sub-grid 

scale modelling. In spite of this, the predictive ability of these models was found to 

be quite strong for local velocity and temperatures. However, the systematic trend 

of over-stated buoyant effects must be considered when examining the simulations 

presented in this thesis, and future simulations. 
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A key finding during the process of these works was the importance of CFD 

simulations as a design tool for experiments. This was initially done to assess the 

impact of decision decisions on the flow topology of the 1/16th scale facility post-

experiment. While pre-test simulations were performed a combination of 

approximations in the simulations (both physical and CFD turbulence modelling 

based) made the outputs and test specification non-ideal.  Specifically the role of 

the optical access ports in the flow topology at the macro-scope level was not 

observed, the impact of density gradients on the laser velocity measurements was 

not realized ahead of time, and thermocouple locations were not always optimal.  

In other areas of the work pre-test simulations proved extremely valuable such as 

in the design of the diffuser nozzle via CFD simulation for the local flow topology 

study. This study required a very flat velocity field in order to achieve the desired 

experimental conditions and a fine control of the Ri.  CFD was also valuable in 

addressing comments from Journal Reviewers for issues related to tank size, 

uncertainty in thermal field measurements, and time dependency of the overall 

solutions.  As such, it is highly recommended in the design phase to not only utilize 

CFD, but to minimize the deviations from the intended experiment to the greatest 

extent practical. 

 

In summary, this work provides a look at both the macro and microscopic behaviors 

of mixed convection flows in a complex CANDU calandria geometry. This work 

also highlights the importance of local conditions to mixed convective heat transfer 
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and local flow topology. This leaves behind an improved understanding of these 

effects, which can be used to better predict local flow phenomena and conditions 

around calandria tubes. This information can aid in fuel channel integrity 

calculations for DBA and BDBA type events. 
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7 FUTURE WORK 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“When we are no longer able to change a situation – we are challenged to change 

ourselves” 

 Viktor Frankl  
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7.1 Future Moderator Flow Work 

7.1.1 Boiling Tests: 

As this work sought out to improve methods to predict local conditions to assess 

fuel channel integrity, experiments examining the effect of such local conditions on 

the Departure from Nucleate Boiling (DNB) would be greatly beneficial. As 

described in section 9.7, DNB depends greatly on the local conditions which can 

either enhance or diminish DNB. An experiment designed with great care, capable 

of determining local temperature, velocity and void fraction would have the 

potential to develop a semi-mechanistic model of DNB. Early attempts at such 

experiments in this work failed due to the rapid temperature excursions on the test 

sections which damaged the experiments.  This could potentially have a similar 

form to the model proposed in section 4 and would provide valuable data to 

improve fuel channel integrity calculations.  

 

Additionally, the effect of lower heaters on the nucleate boiling phenomena of the 

upper heater would also provide valuable insight into the fuel channel integrity 

issue.   Specifically, buoyant plumes carry warm fluid towards a heater which may 

increase nucleation, and may provide some additional convective enhancement.  

Preliminary studies of these phenomena showed the improvements, if any, were 

negligible relative to the high-Nu nucleate boiling phenomena itself and the impacts 

of surface aging during the boiling tests.  Such findings are consistent with literature 
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where subcooled boiling effects in forced flow dominate any contributions from the 

convection velocity and/or temperature of the incoming fluid, however a detailed 

experimental investigation to prove this is still lacking.   

 

7.1.2 Simplified Experimental Studies to Confirm ArH 

To further examine and prove the H factor modification to the Ar, an experimental 

campaign on a simplified moderator flow type geometry would be greatly 

beneficial. The geometry would need to be similar to the CANDU geometry in that 

a down coming jet at the top of a vessel would be required to simulate the secondary 

jet which is the primary indication of the type of flow regime for a given set of 

conditions. With an appropriately sized tube/diffuser nozzle at the top of the vessel 

to simulate this, the remainder of the geometry would simply be heaters in an inline 

tube array geometry at the standard P/D = 2.15 indicative of a CANDU reactor. 

From there, the physical number of tubes could be modified from the simplest case 

of 1 tube, all the way to an array of 7x7 heaters (based on the total number of heaters 

from experimental campaigns in this study), or more, number of heaters limiting. 

Using PIV and LIF measurements, the flow regime of these simplified geometries 

could be identified and using H to scale heater powers (or mass flow rate) from one 

set of conditions to another experimental proof of whether or not the added H factor 

maintains flow regime could be gathered. This would also have the added benefit 

of developing more relatively high fidelity validation datasets for CFD simulations, 
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further improving the reliability of local condition predictions for moderator flow 

conditions. 

7.2 Mixed Convection Heat Transfer Studies in cylinders 

7.2.1 Improving the transition to turbulence of a free thermal plume 

The model developed for mixed convection heat transfer in this thesis was found to 

be sensitive to the velocity predictions. A key component of those predictions was  

the transition to turbulence, which begins to decrease the velocity as it begins to 

spread much faster. The current modelling approach for this Grcrit is based on prior 

experimental studies in air. LES simulations of a free thermal plume in water as a 

function of power indicated that this current approach lacks generality and could 

be improved upon. To improve this, additional PIV measurements of a free thermal 

plume in water for a variety of powers would be greatly beneficial. Specifically, 

measurements that are able to capture the “far field” where this transition occurs, 

as the experimental measurements in this work were limited to the near field due to 

the limited size of the measurement window. Additional measurements in the far 

field would be capable of developing a correlation or mechanistic approach that 

takes into account heater effects, and replaces the currently used constant Grcrit. 

This may take the form of a modification to the current criteria presented to include 

a power component of the cylinder to account for the observation that higher heater 

powers appear to cause the transition to occur closer to the cylinder surface than 

the current model predicts.  
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7.2.2 Extension to more complex geometries 

The framework for the mixed convection model focuses solely on a tandem 

cylinder pair. Additional experiments on bigger columns of cylinders to expand the 

local condition prediction methods presented here would be greatly beneficial. This 

would allow the extension of the model presented to begin to represent the effect 

of the additional cylinders above or below and make the model more physically 

realistic for the CANDU case.  

7.2.3 Additional thermal plume simulation and experiments 

To identify the root cause of the apparent over-statement of buoyancy in the LES 

simulations of this work, additional experimentation and simulation would be 

greatly beneficial. More specifically, experiments and simulations of free thermal 

plumes around cylinders that are similar in Ra but different size scales would be of 

the greatest interest (i.e. 13.4mm and 35mm). This would examine what appears to 

be the main driving factor, length scale. Examining specially the size of thermal 

gradients would be useful for not only identifying this issue further, but potentially 

for generating improvements to the models.  

 

7.2.4 Additional Validation Experiments 

The mixed convection heat transfer model would be improved upon with additional 

validation cases. Specifically, ones that change the diameter of the heater relative 

to the cases already examined i.e. 13.4 and 54mm, and perhaps more importantly 
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examine different working fluid combinations, perhaps most importantly using air. 

This would help establish the generality of the model developed, as its possible that 

the velocity and temperature relations established to close the model may fail for 

other working fluids. Additionally, it may be possible that the exponent n may be 

correlated depending on the working fluid, given that Stafford and Egan [19] 

developed a similar model for air but found a value of 3 to work instead of the value 

of 2 for the current work. For this, further experiments with varying working fluids 

would be required to increase generality via this method. 

7.3 Critical Ri and heated flow around a cylinder 

7.3.1 Additional Experimental data 

More experimental data examining the flow regimes around cylinders would be 

greatly beneficial. This would allow for further examination of the transition 

criteria proposed in this thesis experimentally, which is currently based on very 

limited available data. Additionally, these experiments ideally would provide more 

information on the effects of turbulent intensity and Pr which were explored 

numerically in this study. A suggestion for these experiments would be to use water 

at a variety of inlet temperatures, instead of 25oC as done in this work. This would 

allow some exploration into the effect of Pr experimentally, from ~6 to a lower and 

higher value. This of course would be limited by the onset of boiling, and the upper 

limit for inlet temperatures would need to be selected with this in mind and the 

ability to still achieve powers that will dampen all vortices. Additionally, further 
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LES studies into fictitious fluids of varying Pr would greatly enhance the 

understanding of the differences identified in this work and could be used to 

improve the developed criteria further. 

7.3.2 Further numerical studies 

One of the key contributions of this present work was the relatively strong 

performance of the LES model employed in predicting the velocity and temperature 

fields in comparison to experiment. Similar models could be used and further 

simulations examining the effects that were not able to be examined in this current 

work could be performed. This would include simulation campaigns to confirm the 

base pressure coefficient dependency in the transition criteria’s and additionally, 

simulations to develop further transition criteria that potentially identifies the point 

whereby buoyancy is strong enough to re-form a flow topology that closely mimics 

a free thermal plume, which was observed experimentally. Additionally, more 

simulations examining the interplay of the boundary layer thicknesses and their 

impact on the flow regime transitions would be greatly beneficial. The hope being 

that work presented in this document may allow future works to narrow their 

focuses. 

7.3.3 Downward flow case 

Future experiments making use of a downward flow type geometry would be of 

great value for CANDU type geometries. This would ideally lead towards the 

development of another flow regime map and transition criteria. This would be 
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most useful in the upper sections of the CANDU geometry where a significant 

amount of downward flow exists in normal operation conditions. Additionally, this 

could be coupled with the existing upward flow map to aid in verifying flow 

similarity. Furthermore, this work could be coupled with additional heat transfer 

measurements to extend the mixed convection model further. 

7.3.4 Application to CANDU type Geometry 

As shown in section 5, the true CANDU facility simulations showed a significant 

amount of tube-tube interaction with a tremendous amount of upward flow for the 

more buoyant conditions. Applying the flow regime mapping approach from 

section 3 would result in potentially different flow regimes in different elevations 

of the facility. This would be due to the changing Pr with elevation due to the 

change in bulk fluid temperature. Numerical simulations and experimental studies 

focusing on a column of several heaters would be greatly beneficial to examine this 

effect, and to modify the local condition models proposed in this work to potentially 

further analyze this phenomenon in these types of flow facilities.  

 

Additionally, the use of mapping flow regimes around individual calandria tubes in 

full-scale simulations could be employed as a scaling verification tool. The intent 

would be to ensure that similar flow topologies exist for the scaled vessel as 

compared to the full-scale and could be visualized by plotting all of the tube 

elements on a flow regime map. This approach would ensure similar local flow 

topology between scales, or identify mismatch regions i.e. more or less buoyant 
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regions. This would also identify what conditions may need to be changed to ensure 

better agreement between scales. Early attempts at this using results from CFD 

simulations in section 5 indicate that the flow regimes around cylinders in the 

upward flow region of the experimental facility were very thermal. However, this 

is in part expected due to the increased heater size relative to the perfect scaled case, 

and the reduced number of heaters. Both of these effects contribute to higher local 

buoyant forces.  
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9 Appendix 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

” Finally, from so little sleeping and so much reading, his brain dried up and he 

went completely out of his mind”  

 Miguel de Cervantes 
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9.1 Heat Transfer Measurements for upward flow around a cylinder 

Using heater B, instrumented with 8 thermocouples, heat transfer measurements 

were performed at a target Tinf = 25oC±1oC for a time averaging period of 5 minutes. 

The thermocouples1 were placed in the peak heat flux region at the centre of the 

vessel. As the heat flux shape between heater A and B is different, a correction was 

applied to the total power used in the measurements using Heater A in the PIV and 

LIF measurements to obtain the same local heat flux at the axial centre of the heater. 

This gives a good approximation of the wall temperature for the uninstrumented 

heater used for the PIV and LIF measurements. Additionally, PIV measurements 

were performed using the same local heat flux to test for differences in velocity due 

to heat flux shape. No significant difference was observed. 

The results of these measurements can be seen below in Figure 4 to Figure 9. A 

strong dependency on velocity is apparent. In addition, Figure 4 seems to indicate 

that there may exist a lower bound on the velocity, below which, no enhancements 

to the heat transfer are possible. Additionally, the temperature distribution was 

normalized to the average for a heat flux of 25.6kW/2 in Figure 9 to view how the 

distribution changes with the flow regimes identified in section 3. This indicates 

that when the critical Ri is first reached, and the flow topology begins to become 

thermally dominated, no significant change to the temperature profile is observed. 

As the power is increased further past this point however, the profile begins to 

                                                 
1 Note that -180 degrees corresponds to the top of the heater and 0-degrees corresponds to the bottom 
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transform into the “truly” thermal case when no flow is applied. This change in the 

profile shape may offer more information for subdividing the thermal regime. 

 

 

Figure 4. Circumferentially averaged Temperature differences vs Oncoming 

velocity 

 

Figure 5. Circumferential Temperature Distribution for q" = 8.5kW/m2 
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Figure 6. Circumferential Temperature Distribution for q" = 18kW/m2 

 

Figure 7. Circumferential Temperature Distribution for q" = 25.6kW/m2 
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Figure 8. Circumferential Temperature Distribution for q" = 34.1kW/m2 

 

 

Figure 9. Circumferential Temperature distribution normalized to the average for 

all tested velocities at a heat flux of 25.6kW/m2 
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9.2 Particle Image Velocimetry Standard Operating Procedure 

Name of SOP 150W (Pulsed) Class 4 PIV Laser Operating Procedure 

Effective Date  

Author Christopher Hollingshead 

Reason for SOP Check All that Apply: 



X 
Procedure/Process could cause critical injury. 

 Procedure/Process could cause occupational illness. 

 Procedure/Process could cause environmental impairment2. 

 Procedure/Process could damage University property 

If none of the boxes are checked (criteria is not met) then 

the Committee will decline to review the SOP. 

Provide Details: 

 

Approved by (supervisor) David Novog 

Date reviewed by JHSC April 11th, 2018 

Date Last Reviewed  

Definitions 

                                                 
2 i.e. Procedure/Process involves potentially hazardous materials. 
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Terms  

Acronyms RMM – Risk Management Manual 

JHSC - Joint Health and Safety Committee 

EOHSS - Environmental and Occupational Health Support Services 

EPA – Environmental Protection Act 

OHSA – Occupational Health and Safety Act 

PIV- Particle Image Velocimetry 

Requirements 

Applicable OHSA regulations and / or codes of practice. 

1. RMM #101 - McMaster University Risk Management System 
 

Training and Competency 

1. Laser Safety Training provided by EOHSS 

2. Laser Safety Lecture by Engineering Physics department 

3. Onsite training by competent individuals familiar with equipment  
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Description of the Task 

Location and time of work NRB B115, B119 during normal working hours 

Individuals involved Graduate student researchers and Undergraduate 

Summer Students 

Equipment and supplies required Light Arm, High speed camera and Alan Key set 

Personal protective equipment required Safety goggles designated for the laser 
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Sequential Steps to Complete the Work Safely 

 

9.2.1 General Instructions/Considerations 

1. Do not look into the laser 

2. Ensure windows are blacked out before starting laser 

3. Ensure appropriate signage is placed on the exterior of lab door before operating, lock 

laboratory door to ensure access is restricted 

4. Wear the appropriate safety goggles/glasses whenever the laser is powered 

5. Ensure laser is not directed at reflective surfaces i.e. mirror/metallic surfaces 

6. Keep work area around laser clean 

7. The laser goggles used for this laser have a tendency to fog if worn for an extended 

period of time (20-30 minutes).If this begins to occur turn the laser off in the front panel 

display in addition to closing the shutter in the front panel display and wait until they are 

clear before proceeding. 

8. At low powers during alignment, the beam can be quite hard to see thru the laser 

goggles. To avoid turning the laser up to higher powers than necessary, use a camera (a 

cell-phone camera or CCD available in the lab should suffice) to view the beam. 

9.2.2 Laser Startup Procedure 

1. Ensure all people in the room are briefed on laser safety and have completed the 

required EOHSS training. Unlock and flip the breaker connected to the PIV laser 

power supply. 

2. Twist the Emergency stop button such that it “pops” out and is able to be pushed 

back in. This enables the emergency stop.  This action should power-on the 

display. 
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3. Using the front panel controls, select SYSTEM and switch it from OFF to ON. Do 

this for PUMP as well. This will turn on the pump inside the PIV laser supply and 

should be heard. 

4. The system requires time to chill the coolant water in the PIV laser supply, once 

the water reaches the required temperature, the system will beep, this indicates that 

the laser is now ready for use. 

5. Ensure that all windows in the room are blocked and that appropriate signage is 

placed on the exterior of the door(s).  Lock the exterior door to prevent accidental 

entry to the room while the laser is in use.   

9.2.3 Light Arm Alignment Procedure 

1. With the laser in off position, and the light arm not attached to the laser, inspect 

the lenses for dirt and grease.  Clean as necessary. 

2. Ensure that the laser is pointed away from any windows or reflective surfaces and 

that there is a beam stop in front of the laser. 

3. Ensure that the System power is at 20% and that the Energy 1 and 2 dials are turned 

down (Counter-Clock wise) all the way. Having both Energy dials turned all the 

way down will ensure that the laser is not lasing. 

4. Place an alignment block in front of the laser. This is to be used with the level 

adjusters on the laser feet (attachment to rail) to ensure the laser is firing straight 

thru the alignment block. 

5. Ensure the proper safety goggles are on. 

6. Using the front panel, turn LASER ON and set SHUTTER to OPEN. The laser is 

now lasing, but the beam should not be visible due to the Energy dials. 

7. As both beams should be aligned internally (if not contact TSI), only one beam 

need be used. Slowly turn the “Energy1” dial clockwise until the laser beam is 

barely visible. 

8. Adjust the laser feet until the laser beam is travelling straight thru the alignment 

block into the beam stop. It is recommended that only the front or back feet are 

adjusted at this step to make future steps easier. 

9. Turn the laser off. 

10. Move the alignment block onto the end of the laser rail, move the beam stop if 

necessary. 

11. Ensure goggles are on, then turn the laser on. Adjust the laser feet until the beam 

goes straight thru the alignment block. 

12. Turn the laser off. 
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13. The lightarm consists of a “box” attached to a long arm that the beam exits. Place 

the box squarely in the centre of the rail and tighten the wing nuts to firmly attach 

it to the rail. Ensure that there is a beam stop in front(exit) of the end of the light 

arm. 

14. Ensure goggles are on and then turn the laser on. If the beam is not visible on the 

beam stop thru the light arm, loosen the three bolts on the top of the lightarm box 

and move the top piece until the beam is visible. Once it is, tighten them down and 

turn the laser off. 

15. Next, attach the “cross-hairs” attachment onto the end of the lightarm and insert 

two appropriately sized alan keys into the lightarm box. This is to adjust mirrors 

in the lightarm box to ensure the beam is properly travelling thru the lightarm. 

Turn the laser on.  Once the mirrors are in the proper place, a perfect circle with 

two crosses thru it vertically and horizontally should be visible. Turn the laser off. 

The lightarm is now properly aligned and ready for use. 

16. If it is not possible to achieve the perfect cross-hairs, go back to steps 11 and 

attempt it once more. 

17. If it still is not possible to obtain the perfect cross-hairs, turn the laser off.  

Decouple the light arm from the laser so there is no possibility of lasing through 

the light arm.  Inspect the lens and clean as necessary.  Go back to Step 13. 

 

9.2.4 Performing Particle Image Velocimetry  

1. Place the nozzle/target in the desired position. 

2. Setup the camera stand and place the PIV camera on the stand. Ensure that the camera is 

level. 

 

3. Using the PFV (camera program) software set on low light mode (ensure camera 

aperture is fully open) adjust camera position until the nozzle/target is in the desired 

position in the cameras line of sight. 

 

4. Move the lightarm into an approximate location such that it will shine near the flow field 

under measurement, and place a beam stop behind the test area. Under no circumstance 

is the laser or lightarm to be pointed in the direction of a work station or 

doorways/windows. 

 

5. Ensure the beam stop is in correct position . 
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6. Add 6-8 scoops of seed particles to the flow (Hollow glass spheres). This amount 

may need to be modified to allow for 3-6 seed particles visible per grid spacing in 

the PIV software (INSIGHT 3G).. 

7. Turn the laser energy dials (two of them) all of the way down such that they are 

both at zero.  Ensure appropriate safety goggles are in place. 

8. On the front panel display turn “laser” on and “shutter” open. The laser is now on. 

9. In the INSIGHT3G software select “Laser On” and “Capture”. You should now be able 

to see a black screen in the software as the energies are too low to be seen. 

10. Turn one dial up slowly until the beam is barely visible in the software. (There is 

some delay in the software sensing the laser beam, proceed slowly to minimize 

overshoot). 

11. Move the lightarm until the beam appears in the desired plane. Ensure that the 

beam is as perpendicular to the camera orientation as possible. 

12. If the beam appears too thick (i.e., covers too thick a region of the measurement 

field (more than 1 or 2 mm) it may mean that the lightarm is not aligned properly. 

One should stop measurements, turn off the laser and repeat the lightarm 

alignment. 

13. Turn up both laser energy dials to the maximum. 

14. Adjust the camera aperture and focus such that there is no glare in the images seen 

on the computer screen, and the seed particles are clearly visible. 

15. Select the option in the insight software which cycles between frames and adjust 

the laser energies until each frame appears as close as possible in brightness. 

9.2.5 Shutdown Procedure 

1. When the laser is no longer needed, ensure the laser is turned off and the shutter is 

closed using the front panel settings. 

2. Allow the PIV laser power supply chilling system to run for an additional 15-20 

minutes after step 1 to allow the system to cooldown.  

3. After the cooldown period, turn the pump off on the front panel display and then 

turn the system off also on the front panel display. Then push the red E-stop button 

on the front of the PIV laser power supply. 

4. Flip the breaker powering the PIV laser power supply to the closed position and 

lock the switch out. 

9.2.6 Parameters 

Water flow rate:  4.0 GPM 
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Cooling water temperature:  22C 

System Power at alignment: 20% 

System Power during data capture: 70-80% 

 

 

 

 

Contingency Plan and Reporting 

Accident / injury response  

1. Apply first aid as needed 

2. Notify the supervisor Dr. David Novog (905-525-9140 ext 24904) and the Engineering Physics 

department (905-525-9140 ext 24545) immediately  

3. Complete an Injury/Incident Report 

 

In the Case of Serious/Critical Injuries 

1. Shutdown the laser and any other equipment that may also be on 

2. Call Security at (905) 522-4135 to arrange for medical and emergency services immediately 

3. Apply first aid as needed 

4. Notify the supervisor Dr. David Novog (905-525-9140 ext: 24904) and the Engineering Physics 

department (ext: 24545) immediately 

5. Notify EOHSS immediately (ext: 24352) 

 

 

Equipment Malfunction 

If an equipment malfunction occurs, press in the red E-stop button on the front of the PIV laser power 

supply. This will immediately shutdown the laser. 
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In the event of the E-stop button not working, flip the breaker powering the PIV laser power supply 

to ensure a shutdown state. 

If any of the steps in the above procedure are unsuccessful, turn off the laser, turn off the breaker 

and lock it in the off position.  Contact Dr. Novog for further instructions. 

Equipment shutdowns  

 

To turn the laser off one must: 

1. Turn LASER to off in the front panel and turn SHUTTER to CLOSED in the front panel 

2. Turn PUMP and SYSTEM to OFF from ON in the front panel display 

3. Push the red E-stop button 

4. Turning off the power breaker and lock it out 

Environmental Responsibility 

Waste disposal procedures 

N/A 

Building air quality 

N/A 

References 

1. OHSA/ regulations 
2. EPA and Municipal environmental regulations 
3. RMM #100 McMaster University Environmental Health and Safety Policy 
4. Material Safety Data Sheets (MSDS) 
5. RMM #300 Safety Orientation and Training Program 
6. RMM #301 Standard Operating Procedures 
7. RMM #310 Eye Protection Program  

8. RMM #703 Laser Safety Program 

Distribution 

1. Faculty of Engineering JHSC  (for review) 
2. Occupants of NRB B115 and NRB B119 



C.W.Hollingshead  McMaster University 

PhD Thesis  Engineering Physics 

114 

 

Legal Disclaimer 

The Standard Operating Procedures on this website are provided for the use of the 

McMaster University employee and/or student community. The procedures 

outlined in the above referenced document are intended to reflect best practices in 

this field; as such they are provided to the community for guidance and/or direction. 

However, these recommendations should not be construed as legal advice. 

used.  

9.3 LIF Calibration Curves  

9.3.1 Free Convection LIF 

For the free-convection LIF measurements, a calibration curve was generated for 

each day of experimental data over the range of temperatures expected, and in some 

cases beyond. Each dataset was processed with the calibration curve generated 

during the day that dataset was captured and can be seen below on Figure 10. Note, 

the slope in these curves shifted slightly downward with each day, this was 

attributed to the accelerated oxidation in the Aluminum in the test section observed 

with the Rhodamine B in the vessel, potentially causing the concentration to reduce 

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

experiments 

9.3.2 Mixed Convection LIF Experiments 

The calibration curve for the mixed convection experiments was handled slightly 

differently. All of the calibration points were plotted on a single curve and then fit 

to a single line to obtain the slope as in Figure 11. This slope was then plugged into 

equation (A1) for a more general form of the calibration curve and to allow for 

reference images to be used just prior to the data acquisition, which helped image 

quality over longer experimental days. The errors and errorbars are discussed in the 

body of the paper. 

 

y = -65.306x + 90.941
R² = 0.9938

y = -66.729x + 92.898
R² = 0.9978

y = -69.389x + 96.471
R² = 0.9923

0

10

20

30

40

50

60

0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 1.05 1.1

Te
m

p
er

at
u

re

Intensity

Series3 Series1 Series2

Linear (Series3) Linear (Series1) Linear (Series2)



C.W.Hollingshead  McMaster University 

PhD Thesis  Engineering Physics 

116 

 

 

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

experimental campaign 

 𝑇𝑖𝑚𝑎𝑔𝑒 = 𝑇𝑅𝑒𝑓 − 60.681(1 − 𝐼𝑖𝑚𝑎𝑔𝑒) 

 

(A1) 

Additionally, due to the camera and laser being unsynchronized fluctuations in the 

intensity profile relative to the reference image was measured. This was minimized 

by the camera setting employed, but resulted in background temperatures that 

deviated from the measured inlet temperature. This deviation was not due to 

stratification effects, given a type T thermocouple was in the tank and agreed 

approximately with the inlet temperature reading. To account for this, a correction 

to the image was applied via equation (A2) below. This correct takes the lines at x 

= ±25mm and averaged the raw measured temperatures at all y>0mm. This value 
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gets compared to the inlet temperature and generates a correction factor to apply to 

the entire domain. This factor was typically 0 to 1.5oC. 

 𝑇𝑐𝑜𝑟𝑟𝑒𝑐𝑡 = 𝑇𝑖𝑚𝑎𝑔𝑒 − (𝑇𝑏𝑎𝑐𝑘 − 𝑇𝑖𝑛𝑙𝑒𝑡) 

 

(A2) 

9.4 Effect of Refractive Index Change 

The effect of the refractive index change on the seeding profile with no tilt can be 

seen via Figure 12 and Figure 13. For these free-thermal conditions, all data above 

512W fully distorted the seed in the plume region, rendering the measurements in 

this region and effectively the entire dataset useless.  

 

This effect was found to be significantly reduced by adding a 10-degree tilt to the 

camera in subsequent tests, and for significant heating experiments in water, is the 

suggested course of action for the best quality data. This does however result in 

some distortions of the velocity field, but this is shown to be manageable in a certain 

region of interest in section 9.5. 
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Figure 12. Seed profile for no angular tilt for 64W for a pure free thermal plume 
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Figure 13. Seed profile for a pure thermal plume for 512W 

9.5 Effect of Angular Tilt 

The effect of the angular tilt introduced in the PIV measurements of the third study 

in this thesis was explored. This was achieved by comparing isothermal velocity 

fields containing the 10-degree tilt, and with the ideal setup without the tilt. As 

shown on Figure 14 below, no significant effect is observed in the -25<x<25mm 

region. Outside of this region, tilt effects can be seen to cause a pseudo acceleration 
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effect, as the x>25mm region is closer to the laser sheet, causing the distortion in 

pixel size to become significant. As a result, all data not in the -25<x<25mm region 

was not considered for subsequent analysis or use in the validation cases. This 

region was extended to the LIF data as well. 

 

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

9.6 Diffuser Nozzle Design/Performance 

The design of the large diffuser nozzle used for the single cylinder experiments can 

be visualized in Figure 15. The goal of this nozzle was to reduce the inlet velocities 

from the 12.7mm inlet line from the 1-3m/s range to a range similar to that of a free 

thermal plume, or 10-40mm/s. Additionally, it was desired to make this nozzle as 

large with as flat of a velocity possible as reasonably achievable to help with 

experimental alignment. 

 

This design was based in part on a smooth contraction nozzle with baffle plates to 

re-direct the flow to more accurately mimic this type of nozzle design and to spread 
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the incoming high velocity fluid across the entire nozzle inner diameter. A flow 

straightener was placed near the outlet of the cylinder to reduce inlet turbulence. 

The nozzle was designed using the k- SST turbulence model and a contour of this 

nozzle can be seen on Figure 18. This was chosen as the general flow topology 

using other RANS based models tended to over predict the total spreading of the 

nozzle. This was noted in early prototypes which were much smaller, but yielded 

velocities approximately twice the size of predictions from realizable k-. 

 

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

single cylinder experiments 
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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 
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Figure 17. Isometric of the complete assembly of the large diffuser nozzle 
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Figure 18. k- SST contour of the centreline of the nozzle for a mass flow of 100g/s 
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Figure 19. Raw PIV image of the installed diffuser nozzle 
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9.7 Departure from Nucleate Boiling in Tube Arrays: Literature 

Review 

Compared to the study of horizontal cylinders in a cross flow, tube arrays are 

relatively untouched. Key features of the studies that are about to be outlined is that 

nearly all of the experimental studies are for refrigerants as their working fluid in 

addition, only one study to date has reliable void fraction measurements.  

Tube arrays can be arranged in many ways however they can be defined by three 

parameters. The number of cylinder elements, the Pitch to Diameter ratio (P/D) and 

the pattern of the arrangement (Rectangular/Inline or Triangular/Staggered). 

 

Using R-113, Chan and Shoukri [26] examined the boiling characteristics for a 

single tube, 3x3 inline array in addition to a 3x9 array. They examined and 

compared the CHF characteristics for a single tube to a 3x3 array, and examined 

the effect position of their primary heater CHF value in addition to the impact of 

adding heat to other heaters in the central column (either above, below, or in some 

cases both). They also obtained void fraction measurements using a Gamma 

Densitometer. It should be noted that these void fractions were stated to be averaged 

over the region above a heater due to their beam size. Their test section was purely 

pool boiling and can be seen below in Figure 20. Chan and Shoukri [26] describe 

two competing effects modifying the CHF of a cylinder in a tube array versus a 

single cylinder in an infinite medium. Namely, a two-phase generated convective 

effect that acts to enhance CHF via recirculation and a vapor blanketing effect 
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caused by an increase in flow resistance and less space for vapor to escape, 

diminishing CHF. 

 

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

 

The main results of Chan and Shoukri [26] can be seen below inFigure 21. Its worth 

clarifying that the ratio is not the tube bundle CHF to a single cylinder case, but 

rather the tube bundle CHF measured with heat addition above/below the primary 

cylinder compared to the case without any heat addition to adjacent cylinders. The 

main takeaways from this series of tests is that for their geometry, the enhancement 

effect appears to be stronger than the diminishment effect. Their results are also 

consistent with the thought that the CHF enhancement effect is strongest for 

cylinders higher up in the tube array, with the lowest CHF being recorded for the 

bottom cylinder. Their results also would seem to indicate that after a certain level 
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of void being generated below the primary heater, a maximum enhancement is 

reached, as evidenced by the gradual slow down in the curves which appears to be 

logarithmic in nature. Finally, they note that the CHF for cylinders in an array is 

~10% smaller than that for their single cylinder experiments under similar 

conditions. This coupled with their enhancement data (upwards of 15%) would 

seem to indicate that under the best possible conditions, some cylinders in the upper 

section of a tube array will have their CHF occur at a very similar value to that of 

a single cylinder. 



C.W.Hollingshead  McMaster University 

PhD Thesis  Engineering Physics 

129 

 

 

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

unheated [26] 
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Thibault [27] performed quenching experiments with a heat flux meter on 127mm 

diameter copper tubes for both single cylinder and 3x5 arrays with a P/D of 2.18 

for water. Given the size of these copper rods, an oven was used and the assembly 

was then dropped into a dousing tank. Heat flux was measured using a “heat flux 

meter” that they developed and calibrated. It should be noted that part of the 

calibration process was to conduct quenching tests individually for each cylinder in 

the array separately (i.e. single tube CHF), and any changes were judged from that 

single tube CHF value (for each cylinder). They also assessed how a steam injection 

line at the bottom of their tank affected their quenching CHF values. In addition, 

steady state experiments on a 3x4 array (same P/D) with Heptane were also 

performed using steam as a heat source. Diagrams of the test facility for the 

quenching tests can be seen on Figure 22. 
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Figure 22. Experimental facility used by Thibault [27] 

 

Thibault’s [27] results for CHF as a function of circumferential position and 

subcooling for a single cylinder can be seen on Figure 23 below. On this figure, it 

can be clearly seen that for most of the conditions that the minimum CHF value 

occurs on the upper half of the cylinder at the 30-degree point. Thibault [27] states 

that great care was taken to make sure that this was not an effect of part of the 

cylinder quenching first and state that visual observations proved this. They state 

that this effect it most likely a hydrodynamic effect and correspond roughly to their 

visual observations of viewing steam separate off the cylinder at approximately this 

30-degree point on either side of the cylinder. Thibault [27] also provided a linear 
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fit to relate his saturated data to his subcooled data shown below as equation (A3). 

They also generated data for a single cylinder at saturated pool boiling conditions 

with varying steam line pressures and distances impinging upward onto the cylinder 

as it is being doused, seen in Figure 24. While there appears to be no consistent 

pattern, Thibault’s [27] data for these cases does indicate that the hydrodynamics 

play a significant role in the CHF value at a given circumferential position. 

 𝑞"𝑀𝑆𝑢𝑏

𝑞"𝑀𝑆𝐴𝑇

= 1.0 + 0.0437Δ𝑇𝑆𝑈𝐵 
(A3) 
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Figure 23. Thibault's quenching CHF results as a function of angle and subcooling. 

Note only 12 circumferential measurements [27] 
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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] 

 

A table from Thibault’s [27] thesis summarizing his tube bundle quenching 

experiments can be seen below as Figure 25. Using the single tube CHF value for 



C.W.Hollingshead  McMaster University 

PhD Thesis  Engineering Physics 

135 

 

each tube in the array as a reference value, Thibault [27] showed that under most 

cases CHF for the downward facing heat flux meter was almost always increased 

in the array compared to the single cylinder case. Some decreases are noted for the 

90-degree and 0-degree positions with some steam injection. Thibault [27] notes 

that it was generally considered that additional void flowing from the bottom should 

decrease CHF, not increase it. The fact that his data largely saw an increase with 

this effect was attributed to the relatively large P/D of 2.18 used compared to most 

experiments done with heat exchangers in mind, not CANDU reactors (1.5->1.25 

typically). Thibault also suggests that the relatively large pitch in a CANDU and 

his tests allowed for vapour to flow freely between the channels and mostly avoid 

the vapor blanketing mechanism that acts to reduce CHF. The relatively different 

increases in CHF for the 5 tubes is partially explained by boiling and CHF being 

reached on the lower tubes first. Thibault [27] noted that boiling always started on 

1 first (due to being dropped in), followed by 2 and 3 and the same time, then 4 and 

5 at the same time. This means that there is likely some systematic error due to the 

dropping process in the enhancement results. They also note that their test may not 

exactly model a CANDU in a postulated severe accident as its unlikely that all of 

the pressure tubes in a region contact the calandria tube at the same time. 
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Figure 25. Tube array quenching CHF data obtained by Thibault [27] 

 

For Thibault’s [27] steady state experiments with the 3x4 P/D = 2.18 (OD = 

2.67cm) and Heptane, it was found that the CHF was ~80% of the value obtained 

using Zuber’s model. For the 12 tube array, Thibault found CHF to be ~20% higher 

than the single tube case. In addition, the CHF value was found to roughly be 

constant for the entire array (central column). This was thought to indicate that the 

CHF is strongly dependant on the clearance between tubes (i.e. smaller P/D would 

cause reduction potentially). Thibault also showed an additional enhancement 
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effect due to boiling from tubes below the tube of interest and is seen in Figure 26. 

This enhancement is relative to the cylinder being heated alone in the array and is 

noted to be relatively independent of the actual heat level of the adjacent tubes. In 

other words some void generation beyond a minimum threshold was enough to 

provide an additional enhancement effect. 

 

 

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] 
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The study of Cumo et al [28] examined the critical heat flux for a single heated 

cylinder in a staggered array with outer diameters of 13.6mm and a P/D of 1.25. 

They measured how CHF in this staggered array was effected by both inlet quality 

and mass flux. Their data was limited to a maximum inlet quality of 30%. Their 

data is presented below in Figure 27 and a very clear trend can be seen. Their 

measured CHF can be seen to clearly increase with small increases in quality and 

reaches a maximum enhancement effect. The rate at which this maximum is 

increased appears to reach its maxima quicker with higher mass flux rates. They 

also gathered data with no inlet quality as a function of mass flux but found a very 

weak relation on its impact on CHF. 

Cumo et al’s [28] CHF heater was also instrumented with four thermocouples (N, 

S, E, W) and data judging were CHF first occurs was also gathered vs mass flux 

and quality. Very generally, they note that for low quality, low flow experiments, 

CHF tended to start on the bottom section of the heater. Conversely for high flow, 

higher qualities (still less than 30% for their study), the CHF location shifted 

towards the top side of the heater. 

Cumo et al [28] proposed a modification to Zuber’s hydrodynamic model to 

account for the added heat removal due to the 2-phase mixture impinging on the 

cylinder surface, enhancing CHF margin. Their model can be seen below as 

equation (A4), and its noted that the constant C2 is determined via a fit of the 

experimental data. It was found to predict their data reasonably well for C2=0.002, 



C.W.Hollingshead  McMaster University 

PhD Thesis  Engineering Physics 

139 

 

although it did not capture the flattening of the enhancement effect clearly visible 

in their test data. 

 𝑞"𝐶𝐻𝐹_𝐹𝐵 = (𝑞"𝐶𝐻𝐹𝑃𝐵

2 + 𝐶2𝜌𝑇𝑃𝜌𝑔ℎ𝑓𝑔
2 𝑢𝑡𝑝

2 )1/2 (A4) 

 

 

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

experiments 
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Fujitia and Hidako [29] examined the effect of tube array geometry on CHF and 

nucleate boiling characteristics for four test geometries (Staggered and Inline, P/D 

= 1.3, 1.5). They tried to assess the impact of array geometry on nucleate boiling 

using the heat transfer coefficient primarily in addition to heating arrangement 

(entire array vs only central column). They noted that the heat transfer coefficient 

is highest at the top of the array and lowest at the bottom. Little P/D effect was 

found for the nucleate boiling regime. They also found that when the modified the 

oncoming velocity to the array U, that no significant changes were found 

(0.022m/s->0.22m/s). 

For their CHF measurements, they examined how heating/void generation directly 

below the CHF heater affected the measured CHF for all four of their geometries. 

Their data can be seen below on Figure 28. It can be seen clearly that P/D has a 

significant effect for the staggered array, and appears to have minimal effect on the 

inline array except for some cases. They also clearly show than additional void 

generation from below appears to enhance CHF. However, it takes a certain amount 

of void/power to cause an enhancement in tube array CHF compared to the single 

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

heater power. 

 

The study of Hwang and Yao [30] examined the CHF for an inline tube array (3x16, 

P/D = 1.5), a single channel in an infinite medium and a single tube in a finite 

channel (blockage). Their test geometry for the tube array tests can be seen on 

Figure 29. They also collected data to assess where the CHF would occur on the 

circumferential position on the heater in addition to developing a correlation 

applicable to a single tube in a channel and with some manipulation, using this 

correlation for tubes in an array. CHF for a variety of mass fluxes was collected. 
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The highest CHF that Yao and Hwang [30] measured was for their single cylinder 

in an infinite medium. They also note that for these cases, CHF initialed on the 

downstream portion of the cylinder (i.e. the top). The rationale being that vapor was 

getting captured in the wake of the single cylinder. When they moved the single 

cylinder into a channel, they noted that relatively small channel blockages (d/H = 

0.25) were resulting in CHF reductions by as much as 30%. They also proposed a 

modification to the CHF model of Haramura and Katto to account for this, but also 

developed their own correlation included this factor and is shown below as equation 

(A6). It is important to note that for their tube array data, it was found that CHF 

was initiated on the upstream portion of the cylinder instead of the downstream 

portion as in the single cylinder case. This was thought to have been a result of the 

wake generated by upstream cylinders in the array causing bubbles to get trapped 

in the vicinity of the downward facing part of the heated CHF cylinder. This was 

thought to be analogous to a downward facing flat heated plate. 

Its important to note that with the correct choice of spacing using the tube array 

geometry to replace H in equation 3, they found that this relation did a good job 

capturing their tube array data, as can be seen in Figure 30. Although, it must be 

noted that their data is significantly lower than the pool boiling value obtained for 

the Haramura and Katto model and physical mechanism as to why that may have 

been the case are not discussed. 
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 𝑞"𝑀𝐴𝑋

𝜌𝑔ℎ𝑓𝑔𝑈∞
=  0.594𝑊𝑒𝑔

−0.476(1 − 𝑥𝑙𝑜𝑐)0.954(𝑅∗)0.36 [2.25

+ (
𝜌𝑔

𝜌𝑓
)

0.15

]

−1

[1 − (
𝑑

𝐻
)

0.86

] 

(A6) 

 

 

 

 

 

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

(right) with postulated hydrodynamics. 
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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. 

 

The study of Leroux and Jensen [31] examined how CHF varied as a function of 

mass flux and local quality for four test geometries, three of which were presented 

in this study, one from a prior study. They examined mass fluxes ranging from 50 

to 500 kg/m2s, qualities from 0 to near 100%, and their test geometry was a 5x27 

array in both staggered and inline geometries with P/D ratios of 1.3 and 1.7 for 

both. Very generally, they noted that a DNB type CHF occurred for their low mass 

flux, low quality data, and for higher flow, higher qualities, a dryout type CHF was 

thought to have occurred.  

Leroux and Jensen [31] found three types of CHF vs quality curves depending upon 

the mass flux and can be seen in Figure 31. The first pattern was thought to 

correspond to a pure DNB process with the 2nd and 3rd corresponding to a dryout 

type CHF at a certain quality, with some sort of transitional mechanism in between.  
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Figure 31. Three CHF vs quality curves that Leroux and Jensen [31] found from 

their data. 

In terms of geometry effects, Leroux and Jensen [31] state that increases in P/D 

were found to decrease CHF margin in the case of the inline bundle. For the 

staggered bundle, they also state that a decrease in CHF was found, but tends to 

disappear at higher mass fluxes. 

 

The study of Dykas and Jensen [32] examined CHF for a single heated tube in a 

5x27 inline tube array with a P/D of 1.3. They noted that upon inspection of their 

CHF heaters after use, that burn marks were found near the rear stagnation point of 

their cylinder, indicating that CHF occurred first their. All of the trends previously 
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described in the Leroux and Jensen [32] section we also found in this paper and 

these two studies are considered to be companion pieces. They also state that the 

CHF found for their single heated tests with zero inlet quality are in the range of 

10->20% lower than that of the single isolated tube case. 

 

Jensen and Tang [33] used data gathered from the prior studies of Leroux and 

Jensen [31] and the study of Dykas and Jensen [32] to develop a correlation to cover 

all three sets of the CHF vs quality curves found in those studies. Their correlation 

borrowed some transition criteria from Taitel and Dukler (1976) and depended 

upon whether or not the geometry was a staggered or inline array. 

 

Symolon et al [34] performed CHF tests on a staggered array with a P/D = 1.5. 

They varied the mass flux and the inlet qualities and had four instrumented 

thermocouples on their CHF heater (Three near the top, on facing directly 

upstream). They noted that they saw CHF occurrence on the top side of their CHF 

heater and state that their bottom thermocouple was comparatively quiet. They 

compared their data to that of Leroux and Jensen [31] and to the correlation of 

Jensen and Tang [33], and found satisfactory agreement. 

 

9.7.1 Enhancement Effect 

The studies of Chan and Shoukri [26] and Cumo et al [28] both clearly indicate that 

there is an enhancement effect that can happen for CHF in a tube array when 
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additional void from below the CHF heater is added. Both experimental studies also 

indicate that this effect begins to slow down, indicating that some threshold amount 

of void is enough to get most of the enhancement effect. This is particularly 

encouraging as both of these studies were for relatively low mass fluxes (zero in 

Chan and Shoukri’s [26] case). Cumo et al [28] attempted to trace this enhancement 

effect down to an added kinetic energy term based on the 2-phase mixture velocity, 

adding another method to remove heat for a near-pool boiling CHF process. The 

idea to add this effect to the pool boiling CHF seems very promising, but their 

specific attempt failed to capture the tail off in the enhancement effect observed in 

their CHF data.  

9.7.2 Diminishment Effect 

Chan and Shoukri [26] explained this diminishment effect as a vapor blanketing 

effect caused by void/void generation above the CHF heater increasing flow 

resistance. This added flow resistance was thought to trigger a lower CHF as void 

generated by the heater does not depart the surface/vicinity of the heater as easily. 

This effect is seen to be lower than the enhancement effect (almost negligible by 

comparison) in Chan and Shoukri’s [26] data and is noted to be completely absent 

in Thibault’s [27] datasets. An added note is that it appears that only the nearest 

neighbour tube to the CHF cylinder appears to negatively impact CHF. This may 

indicate that there is some sort of local drag effect due to the neighbouring tube, 

which becomes much weaker further from the CHF tube, due to the increase in 
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space and potentially some void drift (i.e. void flowing mostly in the channel 

between tubes in an inline array).  

Its also important to note that most of studies did note a diminishment in CHF for 

a tube array compared to the single cylinder case. The study of Thibault [27] noted 

no change, and even an enhancement, but it also appears that his study would 

always have the enhancement effect on some tubes due to the nature of quenching 

experiments so the applicability of his findings to this particular effect are unclear.  

It would appear that there may be two different factors may be at work to reduce 

CHF in tube arrays, a drag type effect causing vapor to have a harder time leaving 

the CHF surface due to the immediately neighbouring upward tubes. A secondary 

factor could be a reduction in the natural circulation of single-phase liquid due to 

the presence of the tube array itself. 

9.7.3 Flaws in experimental studies 

A major flaw in nearly all of the experimental studies on CHF in tube arrays is a 

lack of void fraction measurements. The only study that did void fraction 

measurements was Chan and Shoukri [26], however they did not report any for their 

CHF measurements. Several of these studies do however show a strong effect of 

void on CHF, with enhancements compared to the no void case of upwards of 10-

>15%, although this directly conflicts with the data collected by Leroux and Jensen 

[31] as their experiments showed that for low mass fluxes only decreases in CHF 

can be noted. 
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Another major flaw with all of these studies is a lack of variety in working fluids, 

most notably a lack of experiments with water. Nearly all of these experimental 

studies used R-113, with a single study using R-12 and a single study using water. 

Unfortunately, the water data was obtained via transient CHF experiments and is 

unclear how directly applicable it is in comparison to the refrigerants data that is all 

captured via steady state experiments. 

 

Finally, nearly all of these experiments covered the P/D range of 1.3 to 1.5, and 

used cylinders in the diameter range 8mm-19mm. This means that there is a wide 

range of test geometries, most notably P/D that need further examination to explain 

some gaps or inconsistencies in the various studies. Most notably, why does CHF 

decrease for some of these tube arrays compared to the single tube case and not for 

the large diameter and pitch case of Thibault [27]? A current theory may perhaps 

be due to the larger magnitude of the pitch itself in comparison to the most critical 

wavelength of instability that is predicted via Kelvin-Helmholtz instability. A 

potential theory could take the form of when the actual value of the pitch is much 

greater than this value (~30mm for water), no reduction in CHF is observed, as 

noted by Thibault [27] (P = 277mm). Whereas when the pitch is similar in 

magnitude as in nearly all other studies, (Chan and Shoukri [26], λ=11mm, P = 

30mm), a reduction in CHF is noted. 

9.8 Design Drawings 

Note all dimensions are in millimeters unless otherwise stated 
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Figure 32. Isometric for the test section for used in the experiments in section 5 
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Figure 33. Test section front view for section 5 cross-section 
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Figure 34. Test section front view for section 5 East side view 
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Figure 35. Test section front view for section 5 West side view 

 

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

Parameter Value Comment 

ID 19.269  Inner Diameter of vessel [in] 

OD 19.630 Outer Diameter of vessel [in] 

p1 1.145 ± 0.005 Tube-bank pitch [in] 

d1 0.5337 ±0.0008 Heated rod outer diameter [in] 

d2 0.5336 ± 0.0012 Unheated rod outer diameter [in] 

dt 1.396 ± 0.023 Bolt-hole to inner tank wall distance [in] 

h1 3.487 Height of Laser Access port [in] 

HV 23.933 Vessel Flange Height [in]  

LD 6.000 Drain Port Length [in] 

θD 7 Drain Port Angle [degrees] 

hT1 1.144 Height of Thermocouples from centreline 

[in] 
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hT2 3.432 Height of Thermocouples from centreline 

[in] 

p4 2.788 ±0.005 Spacing Between Thermocouples on East 

Side [in] 

P3 7.036 ±0.036 Spacing Between Nozzles [in] 

ODDrain 0.7535 ± 0.002 Outer Diameter of Drains [in] 

Lv 19.872 ± 0.036 Length of Vessel [in] 

LD1 4.731 ± 0.018 Distance from Flange to Drain [in] 

LD2 10.536 ± 0.01 Distance from Drain to Drain [in] 

p5 2.007 ± 0.003 Horizontal Spacing of Thermocouples in 

proximity to Nozzles [in] 

p6 3.572 ± 0.003 Horizontal Spacing of Thermocouples in 

between Nozzles [in] 

hN 2.183 Vertical Distance of Nozzles below 

centreline [in] 

LN 6.435 Distance of Nozzles from Flange Face [in] 

 

 

 

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

4. 

Table 2: Heated assembly specifications 

Parameter Design specification Measured value / 

test condition 

Operating pressure (max) [MPa] 1.0 N/A 

Nominal power [kW] 1.0  Test dependent 

Nominal voltage [V] 20 Test dependent 

Nominal current [A] 50 Test dependent 

Maximum linear power [kW/m] 2.8 N/A 
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Average surface heat flux [kW/m2] 47.5 Test dependent 

Outside diameter [mm] 13.40 ± 0.05 13.42 ±0.02 

Straightness over 1.0 m [mm] ≤ 1.26 N/A 

Heated length [mm] 500 ± 10 N/A 

Filament resistance (25°C) [Ω] 0.392 ± 0.020 0.378 

 

Heater B used in section 3 and 4 is geometrically nearly identical to Heater A 

outlined above with a few key differences. Heater B is a double ended heater design 

which and contained instrumented thermocouples. Due to Departure from Nucleate 

Boiling (DNB) experiments in between sections 3 and 4, the heaters used are 

physically different. Each had the same physical design, with a change to the 

thermocouple positioning, with all of the thermocouples moved to the central heat 

flux region for the section 3 tests. Note, in Table 3 and Table 4 an axial position of 

170mm corresponds to the centre of the vessel. These are the thermocouples that 

would have been used for heat transfer measurements with the additional 

thermocouples being added for the purpose of DNB identification. Additionally, 

the heater was installed such that thermocouple A would be positioned upward i.e. 

the highest point of the cylinder.  

 

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

Thermocouple Identifier Thermocouple Axial 

Position (Relative to heat 

flux shape) 

[mm] 

Thermocouple Angular 

Position [deg] 
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A 170 0 

B 145 15 

C 170 45 

D 170 900 

E 170 135 

F 170 180 

G 170 225 

H 170 270 

I 170 315 

J 195 345 

 

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

Thermocouple Identifier Thermocouple Axial 

Position (Relative to heat 

flux shape) 

 

[mm] 

Thermocouple Angular 

Position [deg] 

A 170 0 

B 120 36 

C 170 72 

D 145 108 



C.W.Hollingshead  McMaster University 

PhD Thesis  Engineering Physics 

157 

 

E 195 144 

F 170 180 

G 220 216 

H 120 252 

I 170 288 

J 220 324 

 

 

  

Figure 37. Front view of “Large” Diffuser Nozzles used in section 5 
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Figure 38. Side view of “Large” Diffuser Nozzles used in section 5 
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Figure 39. Back view of “Large” Diffuser Nozzles used in section 5 
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Table 5: Displays measured and design values for the “Large” Diffuser Nozzles 

Parameter Value Comment 

ID 0.558479 ± 0.0031 Inner Diameter of Nozzle [in] 

OD 0.749979 ± 0.0017 Outer Diameter of Nozzle [in] 

L1 3.434 Entry Length to Divider Wall [in] 

L2 0.473 Length of transition [in] 

L3 1.215 Length of Diffuser section from 

transition [in] 

L4 1.369 Length of Diffuser section from 

tube [in] 

L5 0.329 Nozzle face height [in] 

H1 0.253797 ± 0.0034 Height of Nozzle Flow area [in] 

H2 0.248656 ± 0.0038 Height of Nozzle Flow area [in] 

W1 0.483375 ± 0.0044 Width of Nozzle Flow area [in] 

W2 0.44375 ±0.0029 Width of Nozzle Flow area [in] 

tp 0.043242 ± 0.0012 Thickness of Nozzle Walls on outlet 

face [in] 

θN 149.198 Bend Angle of Nozzle [degrees] 

θ1 23.558 Angle of 2nd and 3rd Nozzle Slots 

[degrees] 

θ2 24.967 Angle of 1st and 4th Nozzle Slots 

[degrees] 
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tw 0.039 Thickness of Dividing Wall [in] 

 

  

Figure 40. Front view of “small” diffuser nozzles used in section 5 
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Figure 41. Side view of “small” diffuser nozzles used in section 5 
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Figure 42. Rear view of “small” diffuser nozzles used in section 5 
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Table 6: Measured and design values for the “Small” Diffuser Nozzles used in 

section 5 

Parameter Dimension Description 

ID 0.4386 ± 0.0018 Inner diameter of nozzle [in] 

OD 0.7492 ± 0.0037 Outer diameter of nozzle [in] 

L1 3.574 Entry length to divider wall [in] 

L2 0.380 Length of transition [in] 

L3 1.007 Length of diffuser section from transition [in] 

L4 1.080 Length of diffuser section from tube [in] 

L5 0.279 Nozzle face height [in] 

H1 0.2063 ± 0.0017 Height of nozzle flow area [in] 

H2 0.2056 ± 0.0026 Height of nozzle flow area [in] 

W1 0.3867 ± 0.0030 Width of nozzle flow area [in] 

W2 0.3463 ± 0.0058 Width of nozzle flow area [in] 

tp 0.0423 ± 0.0006 Thickness of nozzle walls on outlet face [in] 

θN 147.6 Bend angle of nozzleError! Bookmark not defined. 

[degrees] 

θ1 24.6 Angle of 2nd and 3rd nozzle slots [º] 

θ2 24.9 Angle of 1st and 4th nozzle slots [º] 

tw 0.039 Thickness of dividing wallError! Bookmark not defined. 

[in] 

 

 

Figure 43. Front view of spray headers 



C.W.Hollingshead  McMaster University 

PhD Thesis  Engineering Physics 

165 

 

 

Figure 44. Side view of spray headers 
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Table 7: Measured and design values for the Spray Headers 

Parameter Dimension Description 

ID 0.5217 ± 0.0093 Inner diameter of spray header [in] 

OD 0.8416 ± 0.0025 Outer diameter of spray header [in] 

LAB 7.304 Length from header end to circlip groove [in] 

LBC 0.0474 ± 0.0005 Length of circlip groove [in] 

LD 0.0803 ± 0.0006 Length of O-ring groove [in] 

ODA 0.7597 ± 0.0008 Outer diameter of circlip section [in] 

ODB 0.7394 ± 0.0004 Outer diameter of O-ring section [in] 

LH1 36.0 Total length of spray header [in] 

LH3 20.828 Inner O-ring to inner O-ring spacing [in] 

D 0.0588 ± 0.0004 Diameter of discharge ports [in] 

dh 2.5160 ± 0.0010 Discharge port spacing [in] 

α1 44.2 ± 0.3 Angle of discharge ports from centre [º] 

α2 44.2 ± 0.4 Angle of discharge ports from centre [º] 

 

 

 

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

4 

 

Figure 46. Assembled inlet manifold for section 4 tests 
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Figure 47. Inlet Manifold used in section 4 connection piece – 0-degree view 

 

Figure 48. Inlet Manifold used in section 4: 45-degree view 
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Figure 49. Isometrics of the test section setup for experiments in section 3. 

 

 

9.9 Calibration Documents 

Using a hot water temperature bath generously lent by Dr. Cotton, all of the 

thermocouples used in the 1/16th scale vessel experiments and all subsequent 

experiments were calibrated. This data, and fit coefficients is summarized below in 

Table 8. In general, none of the thermocouple deviated greater than uncertainty 

from the RTD temperature in the 25->50C range. 

 

Diffuser 

Nozzle 
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Table 8. Thermocouple Calibration Data 

Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

TCT-28 24.98 25.01 24.94 

 30.11 30.18 30.09 

 35.03 35.16 35.06 

 40.03 40.18 40.05 

 44.96 45.12 44.98 

 50.23 50.39 50.24 

 55.13 55.30 55.14 

 60.07 60.27 60.09 

 64.95 65.14 64.94 

 69.94 70.15 69.93 

 74.99 75.20 74.96 

TCT-29 24.98 25.00 24.96 

 30.11 30.18 30.10 

 35.03 35.15 35.05 

 40.03 40.18 40.05 

 44.96 45.14 44.97 

 50.23 50.41 50.22 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 55.13 55.34 55.11 

 60.07 60.34 60.09 

 64.95 65.23 64.94 

 69.94 70.27 69.95 

 74.99 75.34 74.99 

TCT-30 24.98 25.04 24.97 

 30.11 30.19 30.10 

 35.03 35.15 35.04 

 40.03 40.18 40.04 

 44.96 45.13 44.97 

 50.23 50.42 50.23 

 55.13 55.33 55.12 

 60.07 60.32 60.08 

 64.95 65.23 64.96 

 69.94 70.22 69.93 

 74.99 75.30 74.98 

TCT-31 24.98 25.03 24.96 

 30.11 30.17 30.10 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 35.03 35.12 35.05 

 40.03 40.09 40.02 

 44.96 45.06 44.98 

 50.23 50.33 50.24 

 55.13 55.22 55.13 

 60.07 60.16 60.06 

 64.95 65.06 64.96 

 69.94 70.00 69.90 

 74.99 75.11 75.01 

TCT-32 24.98 24.99 24.95 

 30.11 30.15 30.06 

 35.03 35.14 35.04 

 40.03 40.16 40.04 

 44.96 45.10 44.96 

 50.23 50.38 50.23 

 55.13 55.30 55.13 

 60.07 60.27 60.08 

 64.95 65.17 64.97 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 69.94 70.17 69.96 

 74.99 75.22 74.99 

TCT-33 24.98 25.04 24.98 

 30.11 30.18 30.10 

 35.03 35.14 35.03 

 40.03 40.18 40.04 

 44.96 45.13 44.97 

 50.23 50.41 50.22 

 55.13 55.33 55.12 

 60.07 60.33 60.09 

 64.95 65.23 64.96 

 69.94 70.22 69.93 

 74.99 75.29 74.98 

TCT-34 24.98 25.00 24.97 

 30.11 30.15 30.09 

 35.03 35.13 35.04 

 40.03 40.15 40.04 

 44.96 45.10 44.97 



C.W.Hollingshead  McMaster University 

PhD Thesis  Engineering Physics 

173 

 

Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 50.23 50.39 50.23 

 55.13 55.31 55.13 

 60.07 60.30 60.09 

 64.95 65.19 64.95 

 69.94 70.21 69.94 

 74.99 75.26 74.97 

TCT-35 24.98 25.03 24.94 

 30.11 30.19 30.09 

 35.03 35.18 35.06 

 40.03 40.20 40.06 

 44.96 45.14 44.98 

 50.23 50.41 50.23 

 55.13 55.33 55.13 

 60.07 60.30 60.09 

 64.95 65.18 64.95 

 69.94 70.19 69.94 

 74.99 75.24 74.97 

TCT-36 24.98 25.02 24.96 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 30.11 30.16 30.09 

 35.03 35.10 35.03 

 40.03 40.14 40.06 

 44.96 45.06 44.97 

 50.23 50.34 50.24 

 55.13 55.24 55.13 

 60.07 60.19 60.08 

 64.95 65.08 64.95 

 69.94 70.06 69.93 

 74.99 75.11 74.97 

TCT-37 24.98 25.02 24.94 

 30.11 30.18 30.09 

 35.03 35.16 35.05 

 40.03 40.19 40.07 

 44.96 45.13 45.00 

 50.23 50.37 50.22 

 55.13 55.28 55.12 

 60.07 60.25 60.08 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 64.95 65.14 64.95 

 69.94 70.14 69.94 

 74.99 75.18 74.97 

TCT-38 24.98 25.08 24.97 

 30.11 30.24 30.09 

 35.03 35.21 35.04 

 40.03 40.25 40.05 

 44.96 45.19 44.96 

 50.23 50.50 50.24 

 55.13 55.43 55.14 

 60.07 60.40 60.08 

 64.95 65.30 64.95 

 69.94 70.31 69.94 

 74.99 75.36 74.97 

TCT-39 24.98 25.11 24.95 

 30.11 30.27 30.09 

 35.03 35.24 35.04 

 40.03 40.28 40.06 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 44.96 45.22 44.98 

 50.23 50.49 50.23 

 55.13 55.41 55.13 

 60.07 60.38 60.08 

 64.95 65.27 64.95 

 69.94 70.28 69.94 

 74.99 75.33 74.96 

TCT-40 24.98 25.10 24.96 

 30.11 30.25 30.10 

 35.03 35.22 35.04 

 40.03 40.26 40.05 

 44.96 45.21 44.98 

 50.23 50.47 50.22 

 55.13 55.39 55.12 

 60.07 60.37 60.07 

 64.95 65.28 64.96 

 69.94 70.28 69.94 

 74.99 75.36 74.99 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

TCT-41 24.98 25.12 24.94 

 30.11 30.27 30.08 

 35.03 35.25 35.05 

 40.03 40.26 40.06 

 44.96 45.19 44.98 

 50.23 50.46 50.24 

 55.13 55.35 55.13 

 60.07 60.31 60.09 

 64.95 65.17 64.94 

 69.94 70.16 69.93 

 74.99 75.20 74.96 

TCT-42 24.98 25.13 24.98 

 30.11 30.27 30.11 

 35.03 35.21 35.03 

 40.03 40.23 40.03 

 44.96 45.21 44.98 

 50.23 50.48 50.23 

 55.13 55.39 55.13 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 60.07 60.31 60.02 

 64.95 65.27 64.97 

 69.94 70.27 69.95 

 74.99 75.34 75.00 

TCT-43 24.98 25.06 24.95 

 30.11 30.23 30.09 

 35.03 35.19 35.04 

 40.03 40.24 40.07 

 44.96 45.17 44.98 

 50.23 50.44 50.24 

 55.13 55.35 55.13 

 60.07 60.32 60.08 

 64.95 65.21 64.95 

 69.94 70.22 69.94 

 74.99 75.25 74.96 

TCT-44 24.98 24.96 24.98 

 30.11 30.09 30.08 

 35.03 35.09 35.04 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 40.03 40.13 40.05 

 44.96 45.10 44.99 

 50.23 50.37 50.22 

 55.13 55.29 55.11 

 60.07 60.29 60.07 

 64.95 65.17 64.92 

 69.94 70.22 69.94 

 74.99 75.32 75.01 

TCT-45 24.98 24.96 24.95 

 30.11 30.13 30.09 

 35.03 35.10 35.04 

 40.03 40.14 40.06 

 44.96 45.08 44.97 

 50.23 50.36 50.24 

 55.13 55.28 55.13 

 60.07 60.26 60.08 

 64.95 65.14 64.95 

 69.94 70.15 69.93 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 74.99 75.21 74.97 

TCT-46 24.98 24.97 25.02 

 30.11 30.08 30.13 

 35.03 34.99 35.04 

 40.03 39.96 40.00 

 44.96 44.87 44.91 

 50.23 50.19 50.22 

 55.13 55.09 55.12 

 60.07 60.06 60.08 

 64.95 64.94 64.96 

 69.94 69.93 69.94 

 74.99 75.01 75.01 

TCT-47 24.98 24.96 25.01 

 30.11 30.10 30.13 

 35.03 35.03 35.03 

 40.03 40.03 40.00 

 44.96 44.95 44.90 

 50.23 50.31 50.23 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 55.13 55.22 55.11 

 60.07 60.23 60.09 

 64.95 65.12 64.96 

 69.94 70.14 69.96 

 74.99 75.20 74.99 

TCT-48 24.98 24.95 25.01 

 30.11 30.07 30.13 

 35.03 34.98 35.03 

 40.03 39.97 40.02 

 44.96 44.86 44.91 

 50.23 50.17 50.22 

 55.13 55.06 55.10 

 60.07 60.05 60.09 

 64.95 64.93 64.97 

 69.94 69.91 69.94 

 74.99 74.98 75.01 

TCT-49 24.98 24.99 25.01 

 30.11 30.11 30.12 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 35.03 35.01 35.01 

 40.03 40.00 40.00 

 44.96 44.97 44.96 

 50.23 50.25 50.23 

 55.13 55.14 55.12 

 60.07 60.10 60.08 

 64.95 64.97 64.94 

 69.94 69.98 69.95 

 74.99 75.05 75.01 

TCT-50 24.98 24.97 25.01 

 30.11 30.12 30.13 

 35.03 35.05 35.03 

 40.03 40.06 40.01 

 44.96 44.98 44.90 

 50.23 50.33 50.23 

 55.13 55.24 55.11 

 60.07 60.25 60.09 

 64.95 65.15 64.96 



C.W.Hollingshead  McMaster University 

PhD Thesis  Engineering Physics 

183 

 

Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 69.94 70.17 69.95 

 74.99 75.25 75.00 

TCT-51 24.95 24.98 24.93 

 30.05 30.12 30.04 

 35.01 35.13 35.02 

 40.00 40.16 40.03 

 45.10 45.27 45.11 

 50.13 50.27 50.09 

 54.92 55.12 54.92 

 60.02 60.28 60.05 

 64.90 65.19 64.94 

 70.07 70.31 70.03 

 75.04 75.32 75.02 

TCT-52 24.98 24.93 24.99 

 30.11 30.03 30.05 

 35.03 35.03 35.02 

 40.03 40.13 40.08 

 44.96 45.09 45.00 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 50.23 50.36 50.23 

 55.13 55.28 55.12 

 60.07 60.28 60.08 

 64.95 65.18 64.94 

 69.94 70.21 69.93 

 74.99 75.30 74.99 

TCT-53 24.98 24.87 24.97 

 30.11 29.98 30.04 

 35.03 35.02 35.04 

 40.03 40.11 40.09 

 44.96 45.06 45.00 

 50.23 50.34 50.24 

 55.13 55.26 55.12 

 60.07 60.25 60.07 

 64.95 65.15 64.93 

 69.94 70.19 69.93 

 74.99 75.28 74.98 

TCT-54 24.98 25.12 25.01 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 30.11 30.24 30.13 

 35.03 35.15 35.03 

 40.03 40.13 40.01 

 44.96 45.03 44.91 

 50.23 50.36 50.23 

 55.13 55.24 55.11 

 60.07 60.22 60.09 

 64.95 65.09 64.96 

 69.94 70.08 69.94 

 74.99 75.14 75.00 

TCT-55 24.98 25.10 25.02 

 30.11 30.22 30.11 

 35.03 35.15 35.00 

 40.03 40.20 40.02 

 44.96 45.15 44.94 

 50.23 50.48 50.24 

 55.13 55.40 55.12 

 60.07 60.41 60.10 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 64.95 65.29 64.94 

 69.94 70.32 69.94 

 74.99 75.41 74.99 

TCT-56 24.98 25.14 25.01 

 30.11 30.23 30.09 

 35.03 35.10 34.96 

 40.03 40.22 40.08 

 44.96 45.15 45.01 

 50.23 50.36 50.21 

 55.13 55.28 55.12 

 60.07 60.23 60.07 

 64.95 65.11 64.94 

 69.94 70.12 69.94 

 74.99 75.18 75.00 

TCT-57 24.98 25.18 25.00 

 30.11 30.29 30.08 

 35.03 35.25 35.01 

 40.03 40.34 40.07 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 44.96 45.28 44.99 

 50.23 50.53 50.20 

 55.13 55.46 55.11 

 60.07 60.45 60.07 

 64.95 65.35 64.94 

 69.94 70.38 69.94 

 74.99 75.47 75.00 

TCT-58 24.98 25.15 24.99 

 30.11 30.25 30.09 

 35.03 35.18 35.01 

 40.03 40.24 40.07 

 44.96 45.17 44.99 

 50.23 50.39 50.20 

 55.13 55.29 55.11 

 60.07 60.26 60.07 

 64.95 65.13 64.94 

 69.94 70.14 69.94 

 74.99 75.20 75.00 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

TCT-59 24.98 25.08 24.99 

 30.11 30.13 30.04 

 35.03 35.16 35.05 

 40.03 40.19 40.07 

 44.96 45.11 44.99 

 50.23 50.35 50.22 

 55.13 55.25 55.11 

 60.07 60.23 60.08 

 64.95 65.10 64.94 

 69.94 70.10 69.93 

 74.99 75.17 75.00 

TCT-60 24.95 25.02 24.94 

 30.05 30.15 30.04 

 35.01 35.15 35.01 

 40.00 40.17 40.01 

 45.10 45.28 45.10 

 50.13 50.33 50.13 

 54.92 55.16 54.93 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 60.02 60.30 60.05 

 64.90 65.20 64.92 

 70.07 70.34 70.04 

 75.04 75.35 75.02 

TCT-61 24.95 25.01 24.94 

 30.05 30.10 30.04 

 35.01 35.08 35.01 

 40.00 40.07 40.01 

 45.10 45.16 45.10 

 50.13 50.19 50.13 

 54.92 55.00 54.94 

 60.02 60.10 60.04 

 64.90 64.98 64.93 

 70.07 70.09 70.03 

 75.04 75.07 75.02 

TCT-62 24.95 25.03 24.94 

 30.05 30.13 30.04 

 35.01 35.10 35.01 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 40.00 40.10 40.01 

 45.10 45.19 45.10 

 50.13 50.21 50.12 

 54.92 55.02 54.93 

 60.02 60.13 60.04 

 64.90 65.01 64.93 

 70.07 70.13 70.04 

 75.04 75.11 75.03 

TCT-63 24.95 24.99 24.97 

 30.05 30.08 30.03 

 35.01 35.07 34.99 

 40.00 40.08 39.97 

 45.10 45.19 45.05 

 50.13 50.32 50.16 

 54.92 55.16 54.97 

 60.02 60.32 60.10 

 64.90 65.19 64.94 

 70.07 70.30 70.01 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 75.04 75.31 74.99 

TCT-64 24.95 25.00 24.94 

 30.05 30.13 30.02 

 35.01 35.12 34.99 

 40.00 40.15 39.99 

 45.10 45.25 45.07 

 50.13 50.31 50.10 

 54.92 55.13 54.90 

 60.02 60.28 60.03 

 64.90 65.19 64.91 

 70.07 70.33 70.03 

 75.04 75.33 75.00 

TCT-65 24.95 25.03 24.94 

 30.05 30.13 30.04 

 35.01 35.10 35.02 

 40.00 40.10 40.01 

 45.10 45.19 45.10 

 50.13 50.21 50.12 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 54.92 55.01 54.92 

 60.02 60.13 60.04 

 64.90 65.03 64.94 

 70.07 70.14 70.04 

 75.04 75.12 75.02 

TCT-66 24.95 25.01 24.94 

 30.05 30.11 30.04 

 35.01 35.09 35.01 

 40.00 40.08 40.01 

 45.10 45.17 45.09 

 50.13 50.20 50.12 

 54.92 55.01 54.93 

 60.02 60.12 60.04 

 64.90 65.01 64.93 

 70.07 70.12 70.04 

 75.04 75.10 75.02 

TCT-67 24.95 25.03 24.93 

 30.05 30.16 30.04 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 35.01 35.16 35.01 

 40.00 40.18 40.01 

 45.10 45.30 45.10 

 50.13 50.36 50.14 

 54.92 55.18 54.94 

 60.02 60.31 60.04 

 64.90 65.23 64.94 

 70.07 70.34 70.03 

 75.04 75.35 75.01 

TCT-68 24.95 25.04 24.93 

 30.05 30.18 30.05 

 35.01 35.16 35.02 

 40.00 40.18 40.02 

 45.10 45.29 45.10 

 50.13 50.33 50.12 

 54.92 55.15 54.92 

 60.02 60.28 60.03 

 64.90 65.20 64.93 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 70.07 70.32 70.04 

 75.04 75.33 75.03 

TCT-69 24.95 24.98 24.93 

 30.05 30.10 30.05 

 35.01 35.06 35.01 

 40.00 40.07 40.02 

 45.10 45.15 45.10 

 50.13 50.17 50.12 

 54.92 54.97 54.92 

 60.02 60.09 60.04 

 64.90 64.99 64.93 

 70.07 70.09 70.04 

 75.04 75.09 75.03 

TCT-70 24.95 25.12 24.94 

 30.05 30.24 30.04 

 35.01 35.23 35.00 

 40.00 40.26 40.01 

 45.10 45.38 45.11 



C.W.Hollingshead  McMaster University 

PhD Thesis  Engineering Physics 

195 

 

Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 50.13 50.42 50.12 

 54.92 55.24 54.92 

 60.02 60.38 60.03 

 64.90 65.31 64.93 

 70.07 70.44 70.04 

 75.04 75.45 75.03 

TCT-71 24.95 25.10 24.94 

 30.05 30.21 30.04 

 35.01 35.17 35.01 

 40.00 40.18 40.02 

 45.10 45.27 45.10 

 50.13 50.28 50.12 

 54.92 55.09 54.92 

 60.02 60.20 60.04 

 64.90 65.10 64.93 

 70.07 70.20 70.04 

 75.04 75.19 75.03 

TCT-72 24.95 25.05 24.94 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 30.05 30.19 30.05 

 35.01 35.16 35.00 

 40.00 40.20 40.01 

 45.10 45.32 45.10 

 50.13 50.37 50.13 

 54.92 55.20 54.93 

 60.02 60.33 60.04 

 64.90 65.23 64.91 

 70.07 70.39 70.05 

 75.04 75.40 75.03 

TCT-73 24.95 25.14 24.93 

 30.05 30.27 30.05 

 35.01 35.26 35.01 

 40.00 40.29 40.03 

 45.10 45.37 45.08 

 50.13 50.44 50.13 

 54.92 55.26 54.93 

 60.02 60.39 60.04 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 64.90 65.31 64.93 

 70.07 70.43 70.04 

 75.04 75.44 75.03 

TCT-74 24.95 25.09 24.93 

 30.05 30.23 30.05 

 35.01 35.22 35.02 

 40.00 40.25 40.02 

 45.10 45.31 45.06 

 50.13 50.41 50.14 

 54.92 55.23 54.93 

 60.02 60.36 60.04 

 64.90 65.27 64.93 

 70.07 70.41 70.05 

 75.04 75.40 75.01 

TCT-75 24.95 25.10 24.93 

 30.05 30.23 30.03 

 35.01 35.24 35.02 

 40.00 40.28 40.04 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 45.10 45.38 45.11 

 50.13 50.38 50.10 

 54.92 55.23 54.92 

 60.02 60.37 60.04 

 64.90 65.30 64.95 

 70.07 70.40 70.03 

 75.04 75.41 75.02 

TCT-76 24.95 24.95 24.94 

 30.05 30.07 30.03 

 35.01 35.07 35.01 

 40.00 40.11 40.02 

 45.10 45.21 45.09 

 50.13 50.28 50.13 

 54.92 55.12 54.95 

 60.02 60.26 60.06 

 64.90 65.18 64.95 

 70.07 70.28 70.02 

 75.04 75.29 75.00 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

TCT-77 24.95 24.95 24.95 

 30.05 30.05 30.02 

 35.01 35.05 35.00 

 40.00 40.10 40.01 

 45.10 45.20 45.09 

 50.13 50.27 50.14 

 54.92 55.11 54.95 

 60.02 60.25 60.07 

 64.90 65.16 64.95 

 70.07 70.26 70.02 

 75.04 75.26 75.00 

TCT-78 24.95 24.96 24.95 

 30.05 30.09 30.05 

 35.01 35.09 35.02 

 40.00 40.08 39.99 

 45.10 45.21 45.09 

 50.13 50.25 50.11 

 54.92 55.10 54.93 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 60.02 60.25 60.06 

 64.90 65.15 64.93 

 70.07 70.29 70.05 

 75.04 75.29 75.02 

TCT-79 24.95 24.92 24.96 

 30.05 30.01 30.02 

 35.01 35.01 34.99 

 40.00 40.05 40.01 

 45.10 45.15 45.07 

 50.13 50.25 50.15 

 54.92 55.09 54.96 

 60.02 60.24 60.09 

 64.90 65.12 64.94 

 70.07 70.22 70.01 

 75.04 75.23 74.99 

TCT-80 24.95 24.92 25.24 

 30.05 29.74 30.00 

 35.01 34.66 34.86 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 40.00 39.71 39.85 

 45.10 44.74 44.82 

 50.13 50.22 50.24 

 54.92 55.07 55.04 

 60.02 60.23 60.13 

 64.90 65.15 64.99 

 70.07 70.26 70.04 

 75.04 75.26 74.98 

TCT-81 24.95 24.94 24.95 

 30.05 30.06 30.04 

 35.01 35.05 35.00 

 40.00 40.07 39.99 

 45.10 45.15 45.05 

 50.13 50.29 50.16 

 54.92 55.12 54.96 

 60.02 60.27 60.09 

 64.90 65.16 64.94 

 70.07 70.27 70.03 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 75.04 75.26 74.99 

TCT-82 24.95 24.98 24.96 

 30.05 30.07 30.02 

 35.01 35.08 35.01 

 40.00 40.11 40.01 

 45.10 45.22 45.09 

 50.13 50.26 50.11 

 54.92 55.11 54.93 

 60.02 60.26 60.06 

 64.90 65.16 64.93 

 70.07 70.30 70.04 

 75.04 75.30 75.02 

TCT-83 24.95 24.93 24.93 

 30.05 30.05 30.03 

 35.01 35.04 35.00 

 40.00 40.08 40.02 

 45.10 45.18 45.09 

 50.13 50.25 50.14 



C.W.Hollingshead  McMaster University 

PhD Thesis  Engineering Physics 

203 

 

Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 54.92 55.09 54.95 

 60.02 60.23 60.07 

 64.90 65.14 64.95 

 70.07 70.22 70.01 

 75.04 75.23 75.00 

TCT-84 24.95 24.94 24.93 

 30.05 30.07 30.03 

 35.01 35.09 35.03 

 40.00 40.12 40.03 

 45.10 45.22 45.11 

 50.13 50.22 50.09 

 54.92 55.07 54.92 

 60.02 60.22 60.04 

 64.90 65.14 64.95 

 70.07 70.25 70.03 

 75.04 75.27 75.03 

TCT-85 24.95 24.75 25.17 

 30.05 29.82 30.14 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 35.01 34.70 34.93 

 40.00 39.57 39.71 

 45.10 44.60 44.65 

 50.13 50.41 50.35 

 54.92 55.26 55.11 

 60.02 60.41 60.17 

 64.90 65.33 65.00 

 70.07 70.43 70.01 

 75.04 75.46 74.94 

TCT-86 24.95 25.06 24.97 

 30.05 30.16 30.04 

 35.01 35.15 35.00 

 40.00 40.15 39.97 

 45.10 45.23 45.04 

 50.13 50.39 50.17 

 54.92 55.20 54.96 

 60.02 60.36 60.08 

 64.90 65.21 64.91 
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Thermocouple 

ID 

RTD 

Temperature 

(oC) 

Uncalibrated 

Temperature (oC) 

Calibrated 

Temperature 

(oC) 

 70.07 70.39 70.07 

 75.04 75.33 74.98 

TCT-87 24.95 25.08 25.05 

 30.05 30.11 30.05 

 35.01 35.08 34.98 

 40.00 40.01 39.86 

 45.10 45.21 45.03 

 50.13 50.39 50.16 

 54.92 55.24 54.98 

 60.02 60.38 60.08 

 64.90 65.31 64.97 

 70.07 70.40 70.03 

 75.04 75.42 75.01 

 

Thermocouple ID m b s 

TCT-28 9.969E-01 4.563E-03 2.344E-02 

TCT-29 9.938E-01 1.156E-01 1.446E-02 

TCT-30 9.950E-01 5.741E-02 9.675E-03 



C.W.Hollingshead  McMaster University 

PhD Thesis  Engineering Physics 

206 

 

Thermocouple ID m b s 

TCT-31 9.991E-01 -3.894E-02 2.151E-02 

TCT-32 9.957E-01 6.759E-02 2.246E-02 

TCT-33 9.949E-01 7.112E-02 1.135E-02 

TCT-34 9.947E-01 1.028E-01 1.326E-02 

TCT-35 9.963E-01 8.849E-03 2.282E-02 

TCT-36 9.984E-01 -2.041E-02 1.501E-02 

TCT-37 9.973E-01 -1.474E-02 2.603E-02 

TCT-38 9.943E-01 2.783E-02 1.405E-02 

TCT-39 9.959E-01 -5.375E-02 1.921E-02 

TCT-40 9.952E-01 -1.218E-02 1.484E-02 

TCT-41 9.989E-01 -1.588E-01 2.566E-02 

TCT-42 9.960E-01 -4.542E-02 1.863E-02 

TCT-43 9.964E-01 -2.754E-02 2.192E-02 

TCT-44 9.934E-01 1.836E-01 1.979E-02 

TCT-45 9.954E-01 1.060E-01 1.869E-02 

TCT-46 9.990E-01 7.928E-02 2.754E-02 

TCT-47 9.946E-01 1.941E-01 2.802E-02 

TCT-48 9.994E-01 7.374E-02 2.520E-02 

TCT-49 9.987E-01 5.083E-02 1.741E-02 

TCT-50 9.943E-01 1.839E-01 2.644E-02 
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Thermocouple ID m b s 

TCT-51 9.952E-01 6.287E-02 2.911E-02 

TCT-52 9.926E-01 2.444E-01 3.172E-02 

TCT-53 9.921E-01 2.951E-01 3.337E-02 

TCT-54 9.995E-01 -9.926E-02 2.307E-02 

TCT-55 9.934E-01 8.591E-02 2.107E-02 

TCT-56 9.990E-01 -1.036E-01 3.646E-02 

TCT-57 9.943E-01 -3.766E-02 2.480E-02 

TCT-58 9.993E-01 -1.453E-01 2.423E-02 

TCT-59 9.981E-01 -3.694E-02 3.235E-02 

TCT-60 9.952E-01 3.283E-02 1.883E-02 

TCT-61 1.000E+00 -7.705E-02 1.977E-02 

TCT-62 1.000E+00 -9.182E-02 1.762E-02 

TCT-63 9.942E-01 1.273E-01 4.719E-02 

TCT-64 9.950E-01 6.536E-02 2.901E-02 

TCT-65 9.998E-01 -8.094E-02 1.923E-02 

TCT-66 9.998E-01 -6.526E-02 1.932E-02 

TCT-67 9.953E-01 1.595E-02 2.441E-02 

TCT-68 9.961E-01 -8.617E-03 1.876E-02 

TCT-69 9.999E-01 -4.792E-02 1.771E-02 

TCT-70 9.950E-01 -4.941E-02 1.747E-02 
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Thermocouple ID m b s 

TCT-71 1.000E+00 -1.661E-01 1.984E-02 

TCT-72 9.949E-01 1.698E-02 1.335E-02 

TCT-73 9.958E-01 -9.662E-02 2.175E-02 

TCT-74 9.955E-01 -4.368E-02 2.396E-02 

TCT-75 9.956E-01 -6.352E-02 3.078E-02 

TCT-76 9.946E-01 1.232E-01 3.286E-02 

TCT-77 9.949E-01 1.253E-01 3.519E-02 

TCT-78 9.950E-01 1.113E-01 2.125E-02 

TCT-79 9.947E-01 1.670E-01 4.351E-02 

TCT-80 9.881E-01 6.171E-01 1.692E-01 

TCT-81 9.944E-01 1.485E-01 4.236E-02 

TCT-82 9.949E-01 1.075E-01 2.518E-02 

TCT-83 9.952E-01 1.263E-01 3.755E-02 

TCT-84 9.955E-01 9.535E-02 3.008E-02 

TCT-85 9.817E-01 8.649E-01 2.306E-01 

TCT-86 9.949E-01 3.399E-02 4.093E-02 

TCT-87 9.923E-01 1.652E-01 7.537E-02 
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