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Design of a Shoulder Simulator to Investigate the Stability of Reverse
Shoulder Arthroplasty
Allison Clouthier
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Synopsis
A surgical option for patients with massive rotator cuff tears that cannot be managed using traditional shoulder arthroplasty
is reverse shoulder arthroplasty. One of the most common complications with this prosthesis is dislocation. A shoulder
simulator was developed to model a shoulder with this implant which includes bony geometry and muscle forces. This
simulator will allow for the investigation of factors affecting the stability of reverse shoulder arthroplasty.

Introduction
Reverse shoulder arthroplasty is a relatively new surgery most often used to treat shoulders with massive rotator cuff tears
that cannot be successfully managed using traditional shoulder arthroplasty. With this implant, the anatomy of the shoulder
is reversed with the ‘socket’ being placed on the humeral head and the ‘ball’ on the glenoid. Although this surgery has been
successful in relieving pain and increasing function in these patients, a high complication rate has been observed. One of the
most common complications is instability of the prosthesis [1]. Although stability of reverse shoulder arthroplasty has been
investigated, past studies have not accounted for the influence of bone geometry or active loading [2]. The objective of this
project was to develop a shoulder simulator that is able to model the effect of the bone geometry and muscles of the shoulder
to investigate factors influencing stability of reverse shoulder arthroplasty.

Methods and Results
A Depuy Delta III reverse prosthesis was implanted into artificial bones (Sawbones, Vashon) which were then potted in
custom fixtures. Three sections of the deltoid muscle were modeled using cables actuated by pneumatic actuators. This
models a worst case scenario where no rotator cuff muscles remain. Muscle insertions and paths were defined based on an
established computer model [3]. A dislocation force was applied to the humeral head using an Instron testing machine and
motion tracking was implemented using an optical system (Optotrak, Northern Digital Inc., Waterloo).
As a proof-of-principle test, the arm was maneuvered into various postures and the muscle forces required to keep the
arm in that posture were recorded. The results of this test are shown in Figure 1.

Conclusions
A simulator has been developed that will enable investigation of reverse shoulder arthroplasty (Figure 2). Muscle forces
required to achieve various postures using the simulator were found to be similar to those found using computer simulation
[4], validating the simulator design. This simulator will be used to examine the relationship between the force required to
dislocate the implant and various mechanical factors such as glenosphere diameter and socket depth.
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Figure 1: Muscle forces required to maintain various shoulder postures.

Figure 2: Shoulder simulator.
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3D Shape Analysis of the Early Osteoarthritic and Dysplastic Hip
Brian Rasquinha
Human Mobility Research Centre/Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Synopsis
The hip is almost exclusively considered a mechanical ball-and-socket joint; however, this model is not supported by the qualitative descriptions of
the hip anatomy available in medical and anatomical literature, where the joint surfaces are described as aspherical. In this study, segmentations of
hip CT scans were reduced to articular surfaces and fit to general ellipsoids to examine the sphericity of the joint. Both joint surfaces were found to
be aspherical, with no trend relating the shapes of matching joint surface pairs. This result provides impetus to more closely examine the kinematics
of the hip joint, as it suggests the relative motion may be more complex than pure rotation.

Introduction
When describing its motion, the human hip is near-ubiquitously described as a mechanical ball-and-socket joint. This mechanical model of the
joint has two important implications. First, it implies a relative motion with no translation (that is, pure rotation about an isocenter). Second, it
implies that if the motion is driven by bony geometry, that the articular surfaces of the hip (the femoral head, or ‘ball’ of the thigh bone’; and the
acetabulum, or the ‘socket’ of the pelvis) are congruent and spherical in shape. This second assumption does not match the anatomical descriptions of
the bones of the hip given in the anatomical literature, raising questions about the true motion of the hip. Previous authors have attempted to describe
the shape of the hip joint using rotational conchoids[1], surface curvature[2] and rotational ellipsoids[2]. In this work, the articular surfaces of
arthritic and dysplastic hips were fit to general ellipsoids to examine their sphericities.

Methods and Results
CT scans taken in preparation for computer-assisted orthopaedic procedures formed the source data for this study. The study included 20 early
osteoarthritic hips (20 patients, age µ =52.6y, σ=6.2y) and 18 dysplastic hips (17 patients, age µ=35.4y, σ=9.9y); these patients received hip
resurfacings and periacetabular osteotomies, respectively. The scans were segmented to create triangulated meshes of the femur and pelvis. These
segmentations were further processed to isolate the articular surface of the joint, and the vertices of these isolated surfaces were extracted. These
vertices were fit to general ellipsoids using Markovsky’s adjusted least squares (ALS) algorithm[1]. Asphericity was quantified in terms of major
eccentricity (major axis length/minor axis length) and minor eccentricity (semi-major axis length/minor axis length).
Significant asphericity was found for each test condition – femoral head and acetabulum, both for early osteoarthritic and dysplastic pathologies.
Rough linear trends were found between major and minor eccentricities of the ellipsoid fits. No trend was observed in the shapes of matching femoral
head-acetabulum pairs. The eccentricities are shown in the following figures.
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Conclusions
The distribution of eccentricites show that the articular hip anatomy is aspherical; both the femoral head and the acetabulum fit aspherical
ellipsoids in both early osteoarthritic and dysplastic populations. The linear trends between major and minor eccentricities imply that the shape of
these surfaces may be more specific than general ellipsoids. Additionally, no congruence of shape was found between matching femoral head –
acetabulum pairs. These results indicate that the true motion of the hip may be more complex than the commonly accepted ball-and-socket
mechanical model, as the bony anatomy does not provide the constraints required to restrict the relative motion of the joint to pure rotation. .
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Effects of Exogenous ATP on Engineered Human Cartilage Constructs
Jennifer Katherine Bow
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, ON, Canada
Synopsis
Adenosine triphosphate (ATP) is a ubiquitous molecule that acts as the energy currency of most cells. Recently, ATP has been implicated in the
mechanotransduction pathway of chondrocytes as an autocrine/paracrine signal that allows chondrocytes to “sense” when they are under
mechanical stress.1,2 The addition of exogenous ATP to chondrocytes cultured in vitro could therefore presumably replace the requirement for
mechanical stimulation of tissue-engineered cartilage constructs, which would enable easier production of cartilage in the laboratory. This
project identified exogenous ATP as a promising technique for producing more abundant extracellular matrix (ECM) in engineered cartilage, and
showed a dose of 100 nM – 1 µM to be optimal for stimulating ECM synthesis in the developing cartilage. P2Y purinoreceptors are G-proteincoupled cell surface receptors that recognize ATP and have been found on chondrocytes2 as well as many other cell types. P2Y1 receptors were
found frequently on the cell surfaces of chondrocytes from patients with osteoarthritis (OA) and their presence correlated to the elimination of
exogenous ATP in culture.
Introduction
ATP has been implicated as an autocrine/paracrine signal in the mechanotransduction pathway of chondrocytes.1,2 Exogenous ATP has also
been used to stimulate tissue engineered bovine cartilage to improve the collagen and proteoglycan content of the resulting construct.3 In this
study, human chondrocytes in a 3D agarose scaffold were stimulated with ATP in varying concentrations to determine how human
chondrocytes respond to ATP stimuli. Further experimentation was performed to determine how ATP exerts its effects on chondrocytes in
terms of basal ATP release, ATP degradation and expression of connexin 43, as well as the P2Y1 and P2Y2 purinoreceptors on the cultured cells.
Materials & Methods
Human chondrocytes were obtained by enzymatic digestion of OA cartilage samples obtained at the time of total joint arthroplasty. The
chondrocytes were cultured in a 3D agarose scaffold using standard tissue culture techniques. Various concentrations of exogenous ATP (range
50 nM – 1 mM) were added to the cultures, along with the radioisotopes [35S] and [3H]-proline. The cultures were harvested after a further 24
hr incubation and radioisotope incorporation was determined by scintillation counting to determine proteoglycan and collagen synthesis
respectively. DNA content was determined by Hoescht 33258 binding assay, and the proteoglycan and collagen synthesis was normalized to
DNA content. Basal ATP release and degradation of exogenous ATP were determined by luciferase assay and luminometry. Expression of P2Y1
and P2Y2 purinoreceptors were determined by flow cytometry (FACS).
Results
Cartilage was obtained and cultured from 22 patients. We identified responders (16/22) and non-responders (6/22) to ATP stimulation.
Patients’ demographics, co-morbidities and medications were reviewed and no correlating characteristics were identified. The average
increase in [3H]-proline incorporation was 242% the control (range 115%-388%, p<0.02) and the average increase in [35S]-sulfate incorporation
was 238% (range 124%-711%, p<0.02).The expression of P2Y1 and P2Y2 receptors varied widely between individuals, with a range of 11-76%
expression and of 3-67% expression for P2Y1 and P2Y2 receptors, respectively. Almost all cells expressing P2Y2 receptors also expressed P2Y1
receptors, and 4/8 patients also had significant cell populations expressing P2Y1 but not P2Y2 receptors (range of 4-17% of cells). Of the 8
patients studied, only 1 patient had measurable ATP within the culture media. ATP degradation within the culture media was measured, with
the measured ATP half-life and elimination rate constants were determined. The ATP elimination rate constant values showed good
correlation to P2Y1 receptor expression, with an R value of 0.99.
Table 1: Elimination rate constant and ATP
half-life for various chondrocyte cultures.
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Figure 1: Correlation of ATP Elimination Rate
Constants versus Expression of P2Y1 and
P2Y2 Receptors on Chondrocytes.
Conclusions
Exogenous ATP increased proteoglycan and collagen synthesis by human chondrocytes. P2Y1 and P2Y2 receptors were expressed on a significant
proportion of chondrocytes from patients with osteoarthritis and there was a significant correlation of the expression of these receptors to the
ATP elimination rate constants. The addition of exogenous ATP increased both the proteoglycan and collagen synthesis of the developing
cartilage constructs and appears to be a promising technique to improve the extracellular matrix production in these constructs.
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Prediction of Medial and Lateral Tibiofemoral Contact Forces Using Inverse Dynamic Optimization Model
Scott Brandon
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Synopsis
Excessive contact loading in the knee joint is believed to be one of the primary causes of knee osteoarthritis. While a rigid-body linked segment
model of the lower limb can be used to estimate the net joint loads for a specific motion, these net loads underestimate actual contact loads because
net loads do not account for the compressive component of muscle forces. In this study, a generic 35-muscle model of the lower-limb was scaled to
match a single subject. Matlab was used to minimize the sum of the squares of stress in each muscle, subject to constraints: (i) that the net joint
moments matched inverse dynamics calculations, and (ii) that the activation patterns for 8 muscles crossing the knee matched experimental
electromyographic (EMG) patterns. The peak knee joint contact force during level walking was predicted to be 4.9 times body weight; this is within
the range of predictions found in literature, but about twice as large as some in vivo measurements [1].

Introduction
Joint contact loads depend not only on readily obtainable external kinematics and reaction forces, but also on the forces generated by an
indeterminate system of muscle and other soft tissues. Accurate contact predictions, verified using an instrumented knee implant, have been obtained
using an optimization approach to resolve the indeterminacy [1]. However, muscles do not always activate in an optimal manner; during gait, both
extensor (quadriceps) and flexor (hamstrings and calf) muscles compress the knee joint by activating at the same time [2]. The level of co-contraction
of antagonistic knee muscle groups is elevated in subjects with knee osteoarthritis, which may contribute to abnormal joint loading and disease
progression [2]. This study presents preliminary results from a musculoskeletal model that was developed to incorporate co-contraction of
antagonistic knee muscle groups into a prediction of knee contact forces.

Methods and Results
Three-dimensional limb segment trajectories and external ground reaction forces were obtained for a single subject walking at self-selected speed [3].
A detailed, open-source musculoskeletal model including 44 separate heads of 35 muscles of the lower extremity [4] was scaled to the subject and
adapted to account for the individual’s bow-legged knee alignment using x-ray data. The OpenSim dynamics engine was used to solve the inverse
kinematics and inverse dynamics problems, and to compute the muscle moment arms for each muscle about each joint during both gait trials [5].
Muscle forces were estimated using a two-level constrained nonlinear multivariable optimization in Matlab (Mathworks, Natick MA).
Fi,t = force generated by muscle, i (OPTIMIZED)
PCSAi,t = physiological cross-sectional area for muscle, i
t = instant in gait cycle
wk = activation pattern weight factor for muscle, k, (OPTIMIZED)
Fmax,k = theoretical max force for muscle, k
ak,t = measured activation at instant, t, for muscle, k
In the inner level, muscle forces, Fi,t, for 36 non-prescribed muscle forces were computed to minimize the sum of squares of muscle stresses at each
percent of the gait cycle, t, given the prescribed forces Fk,t. In the outer level, the patterns of activation throughout the gait cycle, [0 ≤ ak,t ≤ 1], for 8
muscles spanning the knee joint were prescribed from experimental electromyographic (EMG) measurements of muscle activation. Activation
patterns were scaled by optimization weight factors, wk, and multiplied by the estimated maximum force-generating capacity of each muscle to
prescribe the muscle forces at each instant in the gait cycle for these 8 muscles. Then, the activation weight factors, wk were optimized to minimize
the overall sum of squares of muscle stress throughout the entire gait cycle. Finally, medial and lateral (inside and outside) knee contact forces were
computed using a simple static frontal plane model to combine contributions from external forces and internal muscle forces, as shown in Figure 1.

Figure 1: Unknown
contact forces (Flateral
and Fmedial) are
calculated using static
moment balance at each
contact location

Figure 2: Optimized
muscle forces predict
peak knee contact force
of 4.9 times body
weight just after the
heel strikes the ground
(0% gait cycle)

A peak joint contact force of 4.9 times body weight was predicted early in the gait cycle. Muscle forces accounted for 90% of the peak knee contact
force. Condylar liftoff was not predicted at any time during the gait cycle, as shown in Figure 2. Antagonist co-contraction was observed for both
prescribed and optimized muscle forces.

Conclusions
This model presented a hybrid approach to computing muscle forces by prescribing some muscle activations based on EMG measurements, and
optimizing the remaining muscle forces. This approach allows the musculoskeletal model to include deep muscles for which EMG is not readily
obtainable while ensuring that the optimization solution includes antagonistic co-contraction. However, relatively high contact force predictions
during early stance likely result from overly constraining the model to match EMG patterns, which do not correlate directly with muscle force. This
hybrid activation-optimization approach should be validated, and further developed, with in vivo measurements.
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Computational Study of Bone Remodeling Using Finite Element Method and Topology Optimization
Sufujiang Yu
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Synopsis
This research project is devoted to developing a better understanding of the mechanical adaptation process of the
internal structure of the unhealthy bone (osteoporotic bone) to mechanical stimuli. The adaptation or remodeling
process of bone is treated from a theoretical point of view. The final objective is to create and implement a
three-dimensional, micro-level finite element computational bone remodeling algorithm, which can model the human
proximal femur's adaptation to different external dynamic loading conditions.

Introduction
Osteoporosis is a condition, in which the bones become fragile and brittle, characterized by low bone mass and
deterioration of bone tissue (Fig. 1), this leads to a higher risk of fractures than in normal bone. there are many risk
factors which can contribute to the development of osteoporosis (e.g.: gender, age, race, smoking). Osteoporosis occurs
when bones lose minerals (e.g.: calcium) more quickly than the body can replace them, leading to a loss of bone
thickness. As a result, bones become thinner and less dense, so that even a minor bump or accident can cause serious
fractures. Any bone can be affected by osteoporosis, but the most common sites are bones in the hip, spine, wrist, ribs,
etc. It is reported that osteoporosis affects approximately 1.4 million Canadians. Almost 30,000 hip fractures occur each
year in Canada; 70-90% of these hip fractures are caused by osteoporosis [1]. It is projected that the number of hip
fractures will quadruple by the year 2030, this will not only represent a huge health care cost but also compromise the
physical well-being and quality of life of a substantial segment of the world’s population. Hence, there is an enormous
demand for understanding how the osteoporosis develops and how it can be prevented.

Methods and Techniques
As it is known that the osteoporosis is a multi-factor process, this work is trying to identify the contributions of external
mechanical factor only based on the topology optimization study. Topology optimization attempts to create a minimum
compliance design by using global strain energy as the objective function, this will result in a structure of uniform
strain energy. It achieves this by iteratively distributing a finite amount of material in a given domain; during the
optimization process, the areas of highest loading will attract more material to maximize overall stiffness. This is
conceptually similar to bone remodeling caused by mechanical loading (Fig. 2). One of the biggest disadvantages of the
conventional topology optimization technique when it comes to large-scale computational problem is the expensive
computational cost associated with it. Design space optimization (DSO) is an evolutionary topology optimization
algorithm, which is able to overcome the above-mentioned limitation by expanding and reducing the design space
during the optimization process [2]. The objectives are to remove the uncertainty of design domain selection and to
minimize the number of these superfluous elements. This allows faster finite element solving time and reduced overall
computer memory requirement.

Figure 1.: The comparison of the normal bone matrix and the osteoporotic
bone in human proximal femur

Figure 2.: Conceptual similarities between bone remodeling and Design Space Optimization

Future Work
Future work will involve completing the current ongoing two-dimensional computational bone remodeling code
development and it's validation. After this phase, the three-dimensional bone remodeling simulation code creation will
be undertaken, and the attempt will be taken to incorporate the biological aspects of the bone remodeling process into
the simulation code.
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Optimization and Simulation of Hybrid Photovoltaic (PV) and Combined Heating, Cooling, and Power (CCHP) using
Multiobjective Genetic Algorithm
Amir Hossein Nosrat
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Synopsis
The advent of small scale combined heat and power (CHP) systems has provided the opportunity for in-house power backup of residential-scale
photovoltaic (PV) arrays. These hybrid systems enjoy a symbiotic relationship between components, but have large thermal energy wastes when
operated to provide 100% of the electric load. In a 3rd generation system, in order to reduce waste from excess heat, an absorption chiller has been
proposed to utilize the CHP-produced thermal energy for cooling. This complexity has brought forth entirely new levels of system dynamics and
interaction that require numerical simulation in order to optimize system design. This paper introduces a dispatch strategy and a multiobjective
genetic algorithm optimization scheme for such a system that accounts for electric, domestic hot water, space heating, and space cooling load
categories.

Introduction
The recent development of small scale combined heat and power (CHP) systems has provided the opportunity for in-house power backup of
residential-scale photovoltaic (PV) arrays, but it also enables the grid penetration of PV to be expanded by approximately a factor of five while
reducing the carbon emissions per unit electricity [1]. First generation PV+CHP hybrids where the PV simply decreased some small fraction of the
run time of the CHP, have been eclipsed by 2nd generation systems, where the PV is expanded and is completely backed up by CHP, usually with a
diesel generator. These systems have been investigated thoroughly, especially for residential applications [2][3][4][5][6]. Although PV-CHP systems
effectively counter the inherent intermittency of solar energy, when designed in this way the thermal energy from the CHP unit is far from fully
utilized and thus dumped lowering the efficiency of the system in a range of geographic locations [1][11]. It has been proposed that these systems can
be designed to add cooling in 3rd generation systems to utilize a greater percentage of the heat energy available from the CHP unit, thus raising
efficiencies closer to the ideal [1][11]. A block diagram of a PV-CHCP system is illustrated in Figure 1. In this system, only an AC load was
considered. In addition, there is a thermal load for heating and cooling the required perimeter. Electricity is generated by both the PV array and the
CHP unit. In order to allow for more flexibility of matching thermal loads to electric loads, conversion and storage equipment for both electric and
thermal loads are also incorporated. For the electric load, an inverter is included to change any DC outputs, in particular from the battery bank and
the PV array, into an AC output compatible with the user load. Similarly, a battery charger is included
to store excess AC output from the
CHP unit in the battery bank.

Methods and Results
The dispatch strategy was coded and simulated using MATLAB v 7.6.0. A database of PV, CHP, and battery technologies and their specifications
were generated from various databases. The load requirements were determined from representative profiles of different Canadian cities created by
Swan’s algorithm [12]. The hourly ambient temperature and solar irradiation required to make the simulation were obtained from the PVSyst 4.37
hourly synthetic generator. The simulation was then used to optimize the system based on MATLAB’s multiga function. Figure 2 presents the
systems performance for June 21st and 22nd (summer period) and December 21 and 22nd (winter period) based on the proposed simulation model.
Figure 3 presents Pareto front of the system optimization (with emissions on the y-axis and

Figure 3- Pareto Front of Vancouver Optimization Run

Figure 1- System Schematic

Figure 2- Sample 48-hour System Behavior

Conclusions
This paper overcame the limitations of available optimization techniques for hybrid systems that incapable of accounting for cooling loads by
demonstrating a new simulation algorithm and dispatch strategy for the modeling of hybrid PV-CCHP systems. The results indicate a significant
improvement in performance available in PV-CCHP systems over PV-CHP systems. The optimization algorithm has presented a set of viable
systems that incorporate a predicted trade-off of emissions and costs. The research has effectively provided a platform for the simulation and
optimization of PV-CCHP systems.
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Thermal Optimization of an Electric Vehicle Battery Cooling Plate
Anthony Jarrett
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Introduction
Thermal control is vital for the optimum performance and acceptable lifetime of battery cells used in the current generation of electric (EV) and
hybrid electric vehicles (HEV). Operation and charging outside of the ideal temperature range can reduce the instantaneous power available, as well
as reducing the useful lifetime of the battery. Temperature gradients within individual cells, and between cells can lead to self-discharge which
reduces the available power. Given that any power drawn by a thermal management system directly reduces the power available to the drive system
of the vehicle, its efficient operation is also imperative. [1]
Although there has been limited research in the field of battery thermal management, some analogies can be drawn from the fields of fuel cell and
electronics cooling, in which the objectives of mean temperature and temperature uniformity are also important. Several studies, [2], [3], [4], have
used computational fluid dynamics (CFD) to assess the performance of fuel cell cooling plates, and found that the geometry of the channel had a
significant influence on temperature mean, maximum, and uniformity. These studies, however, were all limited to a single inlet and outlet point, and
chose the optimum plate from a predetermined set of designs with no further optimization.
This work considers the performance of a single rectangular cooling plate in terms of its thermal behaviour and power consumption using CFD.
Numerical optimization is used to determine the optimum cooling plate geometry with respect to individual design objectives.

Methods and Results
The cooling plate is modeled and meshed parametrically using the CFD pre-processor, Gambit. The outer plate dimensions are 1 × 160 × 200 mm,
and by applying symmetry, the modeled plate thickness reduces to 0.5 mm. A simplified serpentine channel configuration was selected based on the
conclusions of [4] and adjusted to the proportions of the plate. This can be seen in Figure 1.
The model is transferred to the CFD solver, Fluent, and appropriate boundary conditions are applied: symmetry, mass flow inlet, pressure outlet,
and heat generation. The coolant is a 50-50 mix of water and ethylene-glycol, and the plate is aluminum. A CFD analysis is run and the key outputs
written to text files: temperature data on the heat generation surface, and static pressure on the inlet surface.
The optimization routine uses the Matlab programming environment, and is set up with design variables describing the cooling channel position
and width in the in-plane directions; constraints to maintain the plate topology; and one of three objective functions: average temperature (Tavg),
temperature standard deviation (Tσ), and coolant pressure drop (Pfluid). An initial design is specified, and then Matlab executes the optimization,
calling Gambit and Fluent at each objective function evaluation, and updating the design variables as required. The optimization proceeds until a
convergence criterion is satisfied.
Coolant
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Figure 2 – Cooling plate geometry (coolant channel shown in blue): a) reference design;
b) Tavg optimized; c) Tσ optimized; d) Pfluid optimized
Coolant
outlet

Figure 1 - Cooling plate model (not to scale)
Table 1 - Performance of optimized cooling plates
Design
Tavg (K)
Tσ (K)
Pfluid (Pa)
306.0877
2.6377
2948.5
Reference
305.2458
2.3191
1232.3
Tavg Optimized
305.2850
2.4052
910.67
Pfluid Optimized
308.3134
1.2155
25124
Tσ Optimized

a.
b.
c.
d.
Figure 3 - Temperature distribution: a) reference design; b) Tavg optimized; c) Tσ optimized;
d) Pfluid optimized

The optimization was performed for each objective function with boundary conditions of 500 W/m2 heat flux and 0.0005 kg/s coolant mass flow
rate. The geometry of the three optimized designs is shown in Figure 2 next to the reference design (used as the initial design), and Table 1 states the
performance of each cooling plate. The Tavg and Pfluid optimizations produced very similar designs with wide channels, whereas the Tσ design has
generally narrow channels, becoming wider at the outlet. The effect on the temperature distribution on the back of the plate can be seen qualitatively
in the contour plots in Figure 3: the Tσ design is the most uniform, but at the expense of higher average temperature.

Conclusions
A process for the thermal optimization of cooling plates has been described, and illustrated with the optimization of a plate with 18 geometric
design variables. The optimized designs show the potential to improve individual performance criteria by up to 50%, although trade-offs exist
between competing objective functions. The study is currently limited to a predefined cooling channel topology, and the optimization operates within
this constraint. However, the process can be utilized for any parametrically described geometry, and future work will investigate different designs, as
well as assessing different boundary conditions and addressing turbulence.
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Effusion Cooling in S-Shaped Diffusing Passages
Billy Chok-Nam, Ng
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada
S-shaped diffusing passages and effusion cooling are important flow functions in gas turbine exhaust systems. The design of such a
device with CFD requires the simulation of complex thermo-fluids interaction between the flow-field variation and formation of
secondary vortices in S-shaped passages and the crossflow injection of coolant by effusion cooling. A preliminary CFD study was
conducted to investigate the flow-fields distribution in diffusing S-ducts without effusion cooling. RANS based turbulence models were
used to maintain a modest and practical design approach. The preliminary CFD results with the analytical solutions of cooling
effectiveness have provided a comprehensive background for the ongoing research study.

Introduction
S-shaped passages are used in aircraft gas turbine engine applications for diverting flow direction. A diffuser is commonly added for
pressure recovery to obtain higher power output of the engine. Effusion cooling, a type of surface cooling techniques by injection of coolant through
fully coverage of discrete holes along a surface, is sometimes incorporated to have local surface cooling for specific purposes. To design a practical
device with composite functions using Computational Fluid Dynamic (CFD), further research is required to obtain a better fundamental
understanding of fluid flow interaction and to assess the ability of CFD to simulate the main flow distributions and the heat transfer mechanism.

Methods and Results
The effusion cooling effectiveness is combined of the in-hole (and surface)
convective heat transfer and the cooling effect of the formation of a cooling film layer over
the surface. Analytical solutions were obtained based on the principles of conservation with
the empirical heat transfer coefficient and the heat coefficient from effusion research by
Andrews et al. [1]. Based on an effusion cooling configuration (hole dimension and
distribution), the cooling effectiveness (as a function of coolant flow rate, G) is substantially
higher with the cooling film effects as shown in Figure 1.
The RANS CFD models including k-, SST k- and RSM were used to simulate the
flow-field in a generic rectangular S-duct as shown in Figure 2. Structured grids were used
for the meshing of the computational domain with the inlet boundary conditions simulating
the outlet conditions of a gas turbine. The grid study illustrated that the similar predictions in
wall pressure and wall shear stress distributions are obtained with grid density of 192,000
and 3 million cells; however, with noticeable discrepancies for the wall function simulation
with y+ of 20 as shown in Figure 3. The simulations using different turbulence models also
showed the similar predictions in flow pressure distribution. The results showed more
distinguishable predictions of the sizes and formations of secondary vortices through the
bend with different RANS models as shown in Figure 4.

Figure 1 Analytical Results of Cooling Effectiveness.

Conclusions
The preliminary study of effusion cooling in an S-duct diffuser
showed the analytical results of cooling effectiveness and verified the
capability of RANS CFD to predict the S-duct flow-field variation and
secondary vortices. The study provided a preparation foreground for the
ongoing research study to simulate the flow interaction between the
complex main flow in an S-duct and the effusion coolant crossflow
including main-coolant flow mixing, coolant flow dispersion and heat
transfer and coolant injection separation.
Progress works include experimental studies to verify the CFD
predictions without effusion cooling and to generate experimental data for
S-duct flow-fields with effusion cooling.

Figure 2 S-Duct Diffuser Model and Inlet Boundary Condition.
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Figure 3 CFD Simulation Grid Study for Flow Distributions in S-Duct Diffuser.

Figure 4 Secondary Vortices through S-Duct Diffuser Prediction with Different RANS
Turbulence Models.
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Performance Investigation of an Indirect Solar-Assisted Heat Pump for Northern Climates
Bryn Elliott
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Synopsis
The performance of an indirect solar-assisted heat pump with a hybrid collector is under investigation to determine its suitability
for year-round operation in northern climates. Data collected from the operation of the system for various weather conditions will be
used to assist and validate simulations of the system. A detailed hybrid collector model is under development for use in these and other
system simulations.
Introduction
The combination of solar thermal and heat pump water heating systems has the potential to alleviate performance drawbacks of
both the base systems. Solar collectors are most efficient when they operate at or below the ambient temperature; cold ambient
temperatures can promote excess heat loss at required operational temperatures. Low ambient temperatures also result in lower heat
transfer rates through the air-source heat pump and a decreased coefficient of performance (COP). A series configuration solar-assisted
heat pump (SAHP) is able to increase the COP by directing heat from the collector to the evaporator, raising its temperature above
ambient. Additionally, the temperature of the fluid returning to the collector is typically lower than in a base solar thermal system,
leading to higher collector efficiencies. The majority of SAHP systems for water heating in the literature are direct-expansion or integral
configurations, which either have expensive installation costs or are unsuitable for cold climates. [1,2] An indirect-expansion
configuration is more applicable for cold climates, and a prototype of such a system, previously used in simulated laboratory tests, has
been installed to assess its year-round performance under a variety of weather conditions.
Due to the low return temperature effect, it has been recommended to use unglazed flat plate collectors [3], which have higher
efficiencies when operating near the ambient temperature than their glazed counterparts. This effect is exaggerated in the late spring,
summer, and early fall, when the collector can operate below ambient temperature, absorbing heat from both the solar irradiance and the
ambient air. However, the efficiency of an unglazed collector is more sensitive to environmental effects such as wind and precipitation
than the glazed collector, as the absorber plate is not protected by a glass cover or surrounding insulation. In an attempt to maximize the
year-round collection of energy, a hybrid collector is used in the experimental apparatus. This collector is similar to a glazed collector,
yet has an air channel between the absorber plate and rear insulation, which allows air to flow over the absorber by natural convection.
Results
Figures 1 and 2 are examples of results for the COP and collector efficiency for a clear and for an overcast day, with ambient
temperatures ranging between 24-28°C. The magnitude of the COP does not differ greatly between the two days, varying between 2.3
and 2.8. The collector efficiency for the overcast day is consistently greater than unity, indicating that the majority of the collected
energy is absorbed from the ambient air as opposed to the incident radiation. The clear day efficiency reaches levels that are more
representative of a typical glazed collector. Although the overcast day has a comparable COP and greater collector efficiency than in
the case of the clear day, this does not signify that the system is delivering more energy, as the compressor power is not constant. The
heat pump delivered 19.8% more energy to the storage tank on the clear day, yet only used 14.1% more energy to drive the compressor,
suggesting that the heat pump operates more economically during periods of increased solar irradiance

Figure 1: Clear day efficiency and COP
Figure 2: Overcast day efficiency and COP
Future Work and Conclusions
Heat transfer tests of the collector air channel are underway to develop a detailed model of the collector. An annual performance
comparison of the different collector types will be conducted by simulations in TRNSYS, using data collected from the experimental
apparatus and collector tests. Simulation will also be conducted to determine an effective control scheme for the system, taking into
account practical considerations from the experiments. Experimental results indicate that the system is suitable for residential
applications in regions that experience a range of favourable to inclement weather conditions.
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Performance of a Dual-fuel Compression Ignition Engine
C. Spaeth
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Ontario Canada

Synopsis
The large amounts of greenhouse gasses being emitted from various power sources are creating the need to find carbon dioxide
neutral power sources [1]. The Power generation from diesel engines operating on biomass derived syngas is one potential
solution. Preliminary testing of a Hatz 1D81 diesel engine was performed in dual-fuel mode with methane as the primary fuel. It
was found that as methane is introduced into the engine, torque and thermal efficiency increase while and brake specific fuel
consumption decrease.

Introduction
Fixed power generation stations produce a large amount of green house gases that affect global warming [1]. The current trend
towards plug-in vehicles will exasperate this problem since the electric power used to charge vehicles is typically obtained from
fossil fuel based power plants. Aside from nuclear power, one of the most promising approaches to solving this problem is using
biomass as a fuel. The burning of biomass is carbon dioxide neutral since the carbon released is reabsorbed by the plant life over
its lifetime [2]. Biomass can be used directly in the form of a pellet as an additive to coal or can be used to produce a
hydrocarbon gas that can be burned in the power plant. The gasification of biomass produces a mixture of hydrogen, carbon
monoxide and methane that is known as syngas. A program is underway where biomass will be converted into syngas using a
gasifier and will then be used as the primary fuel for a compression ignition engine. Due to the high autoignition temperature of
syngas, a small amount of diesel fuel directly injected into the cylinder will be used for ignition of the syngas-air mixture.
Preliminary testing of this engine will be done with methane.

Methods and Results
The Hatz 1D81 diesel engine was run with diesel fuel and the performance was recorded using a Superflow SF901 water brake
dyno. The performance of the engine running at the maximum diesel fuel rate of 0.035083kg/min is shown in Figure 1. At a
constant speed of 2000 RPM the engine was then run on methane with three different diesel mass flow rates, see Figure 2. For
each of these different mass flow rates the amount of methane injected into the intake manifold was varied, thereby varying the
methane-air equivalence ratio. The optimum condition for homogeneous methane-air combustion is around equivalence ratio 1
and the lower flammability limit is an equivalence ratio of 0.5. As the diesel fuel injection rate is decreased, the peak torque
increases slightly and tends to shift to a methane-air equivalence ratio of 1.This trend shows the relative importance of the energy
release from diesel and methane combustion. For high diesel fuelling rates the peak torque is obtained at a lower methane-air
equivalence ratio indicating that the diesel combustion is favoured. Figure 3 shows the rate of energy input in regards to
equivalence ratio. As methane is introduced into the engine, the same amount of energy input results in a higher methane-air
equivalence ratio. The brake thermal efficiency (power/total energy input) is plotted as a function of the methane equivalence
ratio in Figure 4. For the highest diesel fuel rate the addition of methane into the air results in a drop in the thermal efficiency and
for the lowest diesel flow rate the thermal efficiency increases with methane-air equivalence ratio to a maximum near unity.
Figure 5 indicates that the overall brake specific fuel consumption mirrors the thermal efficiency curves in Figure 4.

Fig.1: T&P vs. RPM

Fig. 2: Torque vs. E.R.

Fig. 3: ܳሶ vs. E.R.

Fig. 4: ߟ௧ vs. E.R.

Fig. 5: BSFC vs. E.R.

Conclusions
A compression ignition engine was modified to operate on dual fuel (methane and diesel) and results were compared with
benchmark results obtained from diesel only operation. It was found that as the amount of diesel fuel injected was decreased and
replaced with methane, the peak torque of the engine increased and shifted towards a methane-air equivalence ratio of 1. The
energy input required to reach a certain equivalence ratio and the bsfc were reduced while the thermal efficiency of the engine
increased as diesel fuel was replaced with methane. It was also concluded that the equivalence ratio of peak engine performance
was shifted closer to 1 with the addition of methane and removal of diesel. For large diesel fuel rates the methane-air equivalence
ratio is near or below the flammability so the methane energy is not efficiently used
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Preliminary Evaluation of Combi-System Design for a Northern American Climate
Elizabeth Lee
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Synopsis
There are many different types of solar combi-systems, each performing differently depending on operating conditions
like heating loads and climate. It’s impractical to build and test every system individually to compare its relative performance
under different conditions so modeling and simulation are extremely important. In this study, combi-systems were selected
that used simple tank and heat exchanger designs which were commercially available in North America. These systems were
then modeled in TRNSYS and their performance in various Northern American cities was simulated and compared.

Introduction
Canada has one of the highest per capita residential energy consumptions in the world. Of this residential load,
approximately 60% of the energy goes towards space heating, and another 20% towards domestic hot water [1]. Solar thermal
technology is an ideal candidate to offset these loads, offering a clean and sustainable alternative to traditional oil and gas.
Solar combi-systems combine both a space and domestic hot water heating system into a single unit. There are many
variations in designs, and the performance is highly dependent on the environment in which it is operating since the climate
not only determines the intensity of solar radiation available, but also affects the energy loads for space heating and domestic
hot water. This large range and variety of variables makes it impractical to physically test multiple designs in different climates
making modeling and simulation of these systems extremely valuable.

Methods and Result
The simulation program TRNSYS was used to evaluate the performance of the solar combi-systems. The simulations
used Typical Meteorological Year (TMY) data to simulate the weather. Other external conditions like space heating and
domestic hot water loads were based on the CSA Solar Domestic Hot Water standard and the NRCAN R-2000 standard.
The solar combi-systems were selected based on the availability of the components in the North American market. All
the systems use a hydronic floor with an auxiliary heater to provide space heating and a storage tank with a smaller auxiliary
tank to provide the hot water. One of the systems evaluated is configured with these loops in series (see Fig. 1).
Using the system depicted in Figure 1 and a Toronto climate, the optimal tilt angle of the solar collector was calculated to
be 45° (see Fig. 2). This angle was then used for further sensitivity analysis of various components.

Figure 1: Schematic of a solar combi-system

Figure 2: Fs vs Tilt Angle for a Toronto climate

Future Work
With the simulation results identifying the combi-systems with the best performance, future work should include building
and testing one or more of these system to validate the model(s). A validated model could then be used to design combisystems for specific residences.
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Determination of Transport Properties of the Porous Transport Layer of the Polymer Electrolyte
Fuel Cell Using X-Ray Tomography
Jerome James
Department of Mechanical and Materials Engineering, Queen's University, Kingston, Canada
Synopsis
The focus of this research is to investigate the feasibility of using micro x-ray computed tomography (Micro XCT) data of
the porous transport layer (PTL) of a Proton Exchange Membrane Fuel Cell (PEMFC) to determine both the in-plane and
through plane transport properties of the layer. The goal is to better understand the anisotropic nature of the material and its
transport properties by comparing different PTL materials at different levels of compressive strain.
Introduction
It is widely understood that the PTL of PEMFCs plays an integral role in the performance of the system [1]. The PTL is
responsible for carrying the reactants from the flow field plate to the catalyst layer while removing water and heat from the
system. In order to properly understand and optimize the transport phenomena through these porous materials, study of the
flow characteristics needs to be undertaken. To achieve this it is necessary to study the micro structure of the material to
understand their potential influence on the fluid dynamics. Until recently the main technique in determining structural data
of the PTL has been scanning electron microscopy. This is useful in obtaining surface structural data but fails to show
features below the scanned surface unless destructive methods are employed. A relatively new method for obtaining
structural data from the PTL involves the use of non-destructive computer tomography. This study uses Xradia’s
MicroXCT-400 tomography system which makes possible 3D visualizations of the PTL on the micro scale with a maximum
achievable spatial resolution 700 nanometres. Having a detailed view of the inner layering of the carbon fibre structure
opens the field to studies of the inner structural PTL that was not previously possible.
Methods and Results
Three different types of PTLs will be compared under a variety of physical criteria including the effect of compressive
strain. A novel system was developed to mechanically compress the paper under controlled conditions while it is measured
in the X-ray beam. This device acts as a vice compressing the PTL with a controlled pressure. Specifically machined faces
reproduce pressure distributions similar to those created by the gas flow channels in actual PEMFCs (Figure 1). This gives
an insight into the local strain phenomena occurring in an actual PEMFC cell. Each greyscale image slice of the tomography
volume is processed to create a binary image which is then analyzed to obtain the local porosity of each slice. The local
porosity values are then graphed to show the trends through each direction of the material. It was found that the porosity
profiles obtained through this technique compare well to the profiles found by Bazylak el al [2].

Figure 1: A 3D tomographic
image depicting a PTL
compressed with a machined
acrylic head.

Figure 2: Right shows a binary tomographic image
slice with an uncompressed (i) and compressed (ii)
area. Left shows a radiograph of same area from a
different angle (iii).

Future Work
Future work will involve mapping the 3D tomography images into a mesh which can be ported into a CFD software
package such as OpenFOAM to determine permeability and other transport properties.
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An Experimental and Numerical Investigation of Spray Cooling for Gas Turbine Exhaust near a 45o Bend
Grant Armitage
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Background and Motivation
In an effort to increase the efficiency of their fleets, the navies around the world are equipping their ships with gas turbine engines for
propulsion. The large volume and temperature of exhaust gasses from turbine engines, such as GE’s LM2500, produces a large infrared signature
which requires suppression to protect from threats. The suppression method investigated in this research involves the injection of water particles into
the exhaust flow to reduce the infrared signature of the plume and the exhaust stack. Due to the location of the gas turbine engine in the hull of a ship,
the performance of water injection systems near the vicinity of bends is of interest. The ability of commercially available computational fluid
dynamics software to predict the performance of these systems using only modest computational power is investigated. The goal is to determine if
Fluent is able to model spray cooling systems using RANS based turbulence models with enough accuracy to be useful as a design tool.
The presence of a secondary recirculating flow occurs downstream of all pipe bends.
This secondary flow occurs due to a pressure gradient between the inner and outer bend where
the pressure is greatest at the outer wall further from the centre of curvature. The presence of
this secondary flow greatly affects the cooling performance of the water particles by carrying
them away towards the inside wall of the bend and enhancing cooling in that area. The extent
to which the bend affects the flow of the fluid can be represented by the dean number, which
is defined as the flow Reynolds number divided by the root of the curvature ratio of the pipe.

Methods
The modeling of two phase flow in Fluent is performed using the discrete phase
model which computes the velocity and evaporation rate of the particles in the
Lagrangian frame. Mesh generation is performed in Gambit where a full scale model of
the experimental set up was made. The simulation approach is to correctly model the
single phase gas flow by comparing it to data collected from the wind tunnel before
droplets are introduced into the model.

Figure 1: Secondary streamlines and axial velocity contours at low and
intermediate dean numbers downstream of a 90 o bend [1]

Experimental data is collected from the hot gas wind tunnel located off at the Grant Timmins lab. The hot gas wind tunnel is designed to
produce mass flows of air between 1 and 2 kg/s at up to 650oC. Experimental data was taken with and without water spray present. A 10% mass flow
rate of water was injected into the hot flow before and after the bend using four Bete p66 nozzles to determine the effect that the bend has on the
cooling properties. An XY traverse located at the exit plane of the experimental apparatus allows a seven hole pressure probe equipped with a
thermocouple to take velocity and temperature data. For temperature data collection when water is being sprayed special probes were constructed to
ensure only the air temperature, instead of the temperature of the water droplets, was measured. Two air temperature probes were made, one which
centrifugally separated the droplets from the air by forcing the air through a sharp 90 o bend, and another which placed a flow obstruction in front of a
thermocouple and measured the temperature of the resulting recirculating air. Other data collection techniques include IR images of the outside of the
pipe, radial traverses of the flow before water is injected, wall static pressures and particle collection.

Results and Future Work
Using the realizable k-epsilon turbulence model
for the primary phase flow, agreement was found with the
experiment. Computational results of horizontal centerline
x-velocity magnitude on the exit plane show agreement
within 5% of the experimental results. Experimental wall
pressure results are also in agreement with computational
results. In figures 4 and 5, the difference between the two
injection locations can be observed. In figure 4 the overall
cooling of the gas has increased even though the distance
that the gas travels inside the pipe with the injected water
has decreased. While it seems obvious from these diagrams
that the water should always be injected after the bend to
increase overall plume cooling, the data is still useful for
CFD comparison. It should be noted that in Figures 2 an3
the inside of the bend is on the left, while in Figures 4 and
5 it is on the right. Future work includes collecting the
density of the water droplet distribution in the exit plane of
the pipe, which cannot be done while temperatures are
below freezing. Until then two phase Fluent simulations
will be performed and compared to already collected data.
If more data is needed for comparison to the models it can
also be taken at this time

Figure 2:Figure 2: CFD, exit of pipe 48" after bend,
in-plane vectors and velocity contours

Figure 3: Experiment, exit of pipe 48" after bend,
in-plane vectors and velocity contours
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Quantifying shading imposed on rooftops from surrounding trees and buildings for the deployment of solar
photovoltaic energy in cities
Ha Thanh Nguyen
Department of Mechanical and Materials Engineering, Queen's University, Kingston, Canada
Synopsis
The potential for solar photovoltaic (PV) technology to provide a sustainable source of electricity to meet the energy demand of a
growing world population has begun to be recognized by governments throughout the world and they have begun to implement
policy focused on accelerated PV deployment. In Ontario aggressive action on this front includes a generous feed in tariff for solar
electricity under the umbrella of the Government of Ontario's “Green Energy and Green Economy Act" (GEGEA). Under the
GEGEA each utility in Ontario is responsible for developing a “Green Energy Plan”, which will form the basis of their capital
program. In addition, some municipalities such as the City of Kingston are interested in the viability of solar PV projects on
municipal-owned roof space. Unfortuntely, no scalable methodology exists for utilities to reliably understand where, when and in
what quantities solar PV generation is likely to occur over time on its distribution system. This pressing need for a novel
methodology to assess PV potential and the effects of shading on PV performance over large areas in urban settings formed the
core of this project.
Introduction
In determining the PV potential over a given urban region, the most important piece of data for simulation is roof area. Popular
methods of roof face extraction have the practical limitation of time and resources needed to generate data over large areas while do
not necessarily improve the quality of the product nor the user-friendliness and adaptability of the methodology. For example, given
that the total distribution territory for a relatively small utility, like Utilities Kingston, is roughly 100 km² this is equivalent to 100
aerial photos of coverage 1km2 each. In view of the time and effort investment for a single feeder, which covers only a 290,336 m²
service area, which in turn has a total of 43,444 m2 in solar potential rooftop projected area, to process 100 km2 in detail is
untenable and uneconomical. In addition the level of detail achieved are only as accurate as the assumptions of the preliminary
design capabilities of simulation software such as PVSyst, where the greatest source of error is unknown losses from shading by
trees or other buildings. A new methodology was developed to determine the effects of shading on PV performance over large areas
in urban settings.
Methodology
Using Kingston as a test case, the first three roof extraction techniques are refined by coupling Kingston's footprint, high resolution
orthophotos and LiDAR data. Statistical analysis and planning policy review pointed out that 2.5m served as a good preliminary
elevation cut-off to eliminate information that does not pertain to trees or roof planes but does penetrate the data through the returns
of laser pulses. The footprints then helped gauge points that correspond to roof planes, leaving behind those corresponding to trees
(fig.1). Further histogram analysis led to segmentation of point clouds to individual building units and removal of noise such as
HVACs and subsidiary architectural structures. Further roof segregation was carried out by a modified script of the Random Sample
Consensus algorithm1 that resolved complex roof configurations into single roof planes. LiDAR points that were determined to
belong to each roof plane were interpolated with another script using Singular Value Decomposition principal. Up to this point the
scripts were written and run on Matlab. The planes were generated via the Triangular Irregular Network method 2, which gave rise to
a digital surface model (DSM) raster at resolution of 0.5m. By running the hillshade function 3 within ArcGIS platform, the one hour
shading profiles for roof planes were computed (fig.2). When output from the module r.sun of the Geographical Resources Analysis
Support System (GRASS) was factored in, shading fractions of the roofs were generated, to be verified with real time photos taken
on site on monthly mean days (fig.3).

Figure 1

Figure 2

Figure 3

Conclusion
Although close supervision was required the methodology served as examination and verifications of all the requirements that a new
(set of) computational tool(s) designed specifically for urban information extraction and management for solar PV deployment
assessment should possess. Once the method is completed, tested and open sourced, utilities companies, energy planners and urban
developers will have a comprehensive set of tools that cover both the feasibility assessment and component specific system
performance evaluation for solar PV from the mesoscale to the municipal scale.
1
2
3

Nyaruhuma, A.P. Master thesis. 2007. "Performance analysis of algorithms for detecting roof faces in airborne laser
scanner data".
Kurdi, F.T. et al. 2007. "Hough transformation and extended RANSAC algorithms for automatic detection of 3D building
roof planes from LiDAR data".
Levinson, R.M. 2008. "Estimating solar access of typical residential rooftops: A case study in San Jose, CA". Lawrence
Berkeley National Laboratory: Lawrence Berkeley National Laboratory. LBNL Paper LBNL-381E.
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Design and Calibration of Multi-hole Pressure Probes for High Temperature Flow Measurement
James Crawford
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Synopsis
A standard method for the calibration of a 7-hole pressure probe using surface polynomials has been implemented using FORTRAN. A sectoring approach is
used in the measurement process – depending on the angle of attack of the flow, only the most relevant pressure data is used to determine the flow properties.
A method of systematically checking and improving the efficacy of calibration curve fitting is proposed. The effect of probe tip geometry is also investigated
and preliminary results suggest that rounding the probe tip improves results when compared with a straight chamfer.

Introduction
The Gas Turbine Lab uses a hot-flow wind tunnel that can produce airflows of up to 2.5 kg/s at up to 600°C to simulate the exhaust
of a gas turbine. The high temperatures and velocities in this flow make the use of hot wire/film probes impossible. Optical
techniques such as Laser-Doppler Anemometry and Particle-Image Velocimetry are difficult to implement in these flows because the
high massflows and presence of a combustor make seeding difficult. For these reasons, 7-hole probes have proven to be the most
successful instrument for flow measurements, as they are capable of measuring a complete velocity vector and the local pressure in a
single measurement, and they are durable enough to withstand the harsh flow conditions. 7 Hole probes require calibration because
the probe response is sensitive to manufacturing tolerances in the tip. The present work proposes a method to improve the continuity
of localized curve fitting that is involved in the calibration process. The present work also studies the effects of changing the probe
tip geometry from a straight chamfer to a hemispherical round.

Methods and Results

Figure 1: Hole Orientations
The arrangement of holes for a typical 7-hole probe is shown in Figure 1. Figure 2 shows a profile view of the two tip designs under
and Angle Conventions
investigation. Data reduction in a 7 hole probe is achieved through the calculation of two directional pressure coefficients that are
calculated based on the differences between diametrically opposed pressure ports. Typically a surface polynomial is then used to
relate four defining properties of the flow (pitch and yaw angle, total and dynamic pressure) to these dimensionless pressure coefficients1.

[ ] [ ][ ]

Mathematically, this can be expressed in matrix form as X = TM K . Here, X represents a property of the flow, TM represents the
directional pressure coefficient product terms in the surface polynomial, and K represents the calibration coefficient for each of the surface
polynomial terms. During calibration, the probe is positioned in a known flow, so the X matrix is known, and the K values can be
determined using a least-squares regression. When the probe is then placed in an arbitrary flow, the calibration matrix K is used to
calculate the resulting flow direction, velocity, and pressure.
The advantage of a 7-hole probe is that it can measure flows at an incidence angle of up to 80° through sectoring. When the flow angle
increases beyond about 30°, the flow on the downstream side of the probe separates, and the measured pressure in the separated holes is
not representative of the flow. The solution to this is to only consider the pressures in four holes that are in attached flow when the flow
Figure 2: Profile
angles are high. The reference hole is taken as the hole reading the highest pressure, and the directional pressure coefficients are calculated
View of Tip Shapes
and manipulated using similar techniques to those described previously.
There are 6 peripheral holes, each of which could be considered the
reference hole, giving a total of 7 sectors (including the centre port) that
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must be calibrated.
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The challenge with fitting surfaces to different sectors is to ensure good
continuity in the probe response at the sector boundaries. When
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calibrating a given sector, it is desirable to include some calibration points
from adjacent regions to ensure that the response of the probe in that
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sector is valid throughout the entire sector domain. This is not
straightforward to program, so instead of determining a specific number of
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out of range points to include, a tolerance, or offset pressure term is
introduced. A data point is said to be in a given sector if the highest
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point is included in the regression if the given pressure port reads within
the offset pressure of the highest measured pressure.
Figure 3: Errors from Fixed (Left) and Variable (Right) Overlap
The validity of this technique was evaluated by performing a simple
verification of the calibration. The probe was calibrated, and the resulting calibration coefficients were used to then translate the same data into pressures and
velocities. Comparing these calculated pressures and velocities to the known flow conditions held during calibration allows error plots to be generated. The
results suggest that the best curve fit is achieved by extending this principle and using a variable overlap pressure – that is, a different overlap pressure for the
centre sector and for the outer sectors. Figure 3 shows error plots for a total pressure verification check. There is an overall reduction of about 2% in error,
but most importantly there are significantly fewer peaks, especially at the sector boundaries when the variable overlap scheme is used.
The effect of rounding the probe tip has been studied by placing the probe in an axial flow and studying the pitot-tube performance of the probe. It was found
that with the rounded tip, the centre port pressure was closer to the flow stagnation pressure than with a chamfered tip. It was also found that the peripheral
port pressures were closer to the static pressure. The normalization term in the directional pressure coefficients is the difference between the centre port
pressure and the average peripheral port pressure – it is the best available estimate of the flow dynamic pressure. Increasing the magnitude of this term will
improve the accuracy of the curve fits. For this reason, rounding of the probe tip will be investigated further.
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Conclusions and Future Work
The work to date has focused mainly on calibration verification using the same data set – essentially only verifying the curve fits. The next step is to validate
the calibrations on arbitrary data sets under different flow conditions. Initial validations have shown some evidence that the calculation of static pressure may
need further investigation and refinement. The effect of Reynolds number and Mach number will also be investigated. The availability of a hot flow wind
tunnel makes it possible to isolate these two parameters – something that has not been done in literature. Work will also be done to attempt to quantify
turbulence intensity and ascertain whether or not turbulence intensity of the calibration flow affects probe response.

References
[1] Gallington, R.W. Measurement of Very Large Flow Angles with Non-Nulling Seven Hole Probes. Aeronaughtics Digest, Spring/Summer 1980. USAFATR-80-17, pp 60-88
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The Effect of Cut-Angled 4-Ring Entraining Diffuser on Gas Turbine Exhaust Infra Red Suppression System
Johan Irwandi
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada
Synopsis
The exhaust plume temperature of a gas turbine engine could reach over 500oC, which makes it susceptible to infrared or heat seeking missile.
Various passive cooling methods have been developed to construct an infrared suppression system. The purpose of this project is to study the
performance of a subsonic air-air ejector with 4-ring diffuser in reducing the exhaust temperature. The ejector consists of a primary nozzle, a
mixing tube, and 4-ring entraining diffusers, as shown in figure 1. The low momentum surrounding air is entrained to the mixing tube by the
high momentum fluid from nozzle due to conservation of momentum. Mixing of low and high momentum fluid in the mixing tube occurs as
result of the entrainment process, which decreases the temperature and velocity of the exhaust gas. The 4-ring entraining diffuser further
decreases the velocity and temperature by recovering the residual kinetic energy and transforming it to static pressure and providing film
cooling.
Introduction
Previous research of air-air ejector with 4 ring entraining diffuser has shown improvement in reducing plume temperature [1]. However, in
some applications, the extra length of the diffuser caused the ejector to protrude from the engine cowling and causes drags. Therefore, the
diffuser needs to be cut to streamline the device with the engine cowling. Consequently, the scope of this research is to investigate the effects
of cutting the diffuser at various angles on the ejector performance. An ejector with full 4 ring entraining diffuser (shown in figure 1) taken
from previous research is being used as a base model. Experiments have been conducted using this model with different standoff distances (0,
75, and 86 mm). A numerical simulation with 86 mm standoff is compared with the experimental results. In the future, numerical simulation
and experimental work would be performed on the cut-angled diffuser.

Figure 1: Flow schematic of an ejector with 4 ring entraining diffuser [1]

Methods and Results
Fluent 6.3 commercial software was used for the numerical simulation using Realizable k-ɛ with enhanced wall function. Mesh of the
experimental set-up was generated using Gambit. Experiments are being conducted at the Queen’s Hot Gas Wind Tunnel in Grant Timmins
lab, which is designed to simulate a 1/8th scale GE LM2500 gas turbine engine. The initial mass flow rate and temperature are 0.59 kg/s and
728 K respectively. The temperature and velocity at the outlet of the diffuser were measured using a 7-hole probe and K-type thermocouple
attached to an XY traverse. Hot wire anemometry was used to obtain the temperature and velocity at the diffuser gaps. Figure 2, 3, 4, and 5
show the comparison of temperature and velocity contours from CFD and experimental data.

Figure 2: Experiment, Outlet
Velocity, SO = 86mm

Figure 2: CFD, Outlet Velocity,
SO = 86mm

Figure 4: Experiment, Outlet
Temperature, SO = 86mm

Figure 5: CFD, Outlet
Temperature, SO = 86mm

Conclusion and Future Work
By crude observation, the velocity and temperature contour plot from the numerical simulation and experimental data show a reasonable
agreement. Experimental velocity and temperature profiles will be used to validate the numerical simulation. Future work in this research
involves numerical simulation and experimental work on 25o, 30o, and 45o cut-angled diffusers to investigate the effect of those diffusers on
the performance of the ejector, especially on the outlet temperature reduction. Pressure taps will also be used to observe the wall pressure
distribution. Swirl and ram jet will also be added to observe the effect on performance.
Reference
Chen, Qi, Birk, A. M., 2007, “Experimental and CFD Study of An Exhaust Ejector with Round Entraining Diffuser”, ASME Turbo Expo 2007.
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Large-eddy Simulation of Accelerating Turbulent Boundary Layers Over Rough Surfaces
Junlin Yuan and Ugo Piomelli
Department of Mechanical and Materials Engineering, Queen’s University

Synopsis
Large-eddy simulations (LES) are carried out to study the combined effects of roughness and favourable pressure gradient
(FPG) in boundary layer flows, where the high acceleration facilitates flow reversion to the quasi-laminar state. Validations
are carried out by performing LES of a smooth-wall accelerating boundary layer flow and rough-wall channel flows before
the roughness model is applied to boundary layers. The roughness (parameterized by the roughness Reynolds number k + )
is found to counteract the acceleration effects by destabilizing the flow.
Introduction
Turbulent boundary layers subjected to a favourable pressure gradient (FPG) induced by freestream acceleration are
found in many engineering applications, including airfoils, turbine blades or curved ducts. If the acceleration is sufficiently
large, the flow may revert to a laminar or quasi-laminar state and re-transition back to turbulence once the cause of
laminarization is removed. It is well-known that roughness significantly affects the characteristics of boundary layer flows,
promoting transition to turbulence. Previous experiments of rough-wall FPG boundary layers [1] mainly explored quasi
self-similar flows with pressure gradients below the threshold for relaminarization. Here we perform calculations at a much
lower Reynolds number, with Reθ between 300 and 2000, and stronger acceleration, based on the setup and parameters used
by De Prisco et al. [2], with the added complexity introduced by wall roughness.
Methods and results
The simulations are performed using a well-validated staggered finite-difference code, with second-order differences for
all terms, semi-implicit time advancement, and MPI parallelization. The unresolved SGS stresses are modeled using the
Lagrangian Dynamic Eddy-Viscosity model. Virtual sandpaper, simulated by an immersed boundary method [3] with
constant roughness height, covers the wall. Calculations are carried out at a Reynolds number (based on inflow freestream
velocity and inflow displacement thickness) of 600, with varying flow acceleration and roughness heights. Results (Figure 1)
show that while flow acceleration tends to stabilize the flow by de-correlating streamwise and wall-normal velocity fluctuations
and increasing dissipation, the roughness elements increase the turbulent mixing in the wall layer, increase turbulent-kineticenergy generation by amplifying spanwise and wall-normal fluctuations, and result in earlier retransition, as is shown by the
friction coefficient and the contour of kinetic energy. The streamwise velocity fluctuation contours reveal that roughness
elements reduce the stability of the low-speed streaks close to the wall that is a feature of relaminarizing accelerating flows.

Figure 1: Left: streamwise development of freestream velocity (top), acceleration parameter (middle) and skin-friction coefficient
(bottom). The DNS results were obtained by Piomelli and Scalo [4]. Middle: contours of turbulent kinetic energy for the smooth-wall
case (top) and for high-roughness case with k = 0.4 (bottom). Right: contours of streamwise velocity fluctuations in the horizontal
plane y/δo∗ = 0.03 for smooth-wall case (bottom) and y/k = 1.5 for rough-wall case with k = 0.4 (top).
Conclusion
We have performed large-eddy simulations of the flow over smooth and rough-wall boundary layers subjected to FPGs.
Results indicate that roughness plays a significant role in destabilizing the inner layer, and reducing or eliminating the
relaminarization. Future work includes a parametric study of the effects of acceleration parameter K, roughness height k
and Reynolds number Re, and a quantitative study of turbulence structures.
References [1]Cal R et al.,Influence of the external conditions on transitionally rough favorable pressure gradient turbulent
boundary layers. J. Turbulence.Vol.9,No.38,2008,1-22. [2]De Prisco G, Keating A, Piomelli U. Large-eddy simulation of accelerating
boundary layers. AIAA Paper,2007-0725,2007. [3]Scotti A,Direct numerical simulation of turbulent channel flows with boundary
roughened with virtual sandpaper. Physics of Fluids,Vol.18,2006 [4]Piomelli U,Scalo C.Subgrid-scale modeling in relaminarizing
flows.Fluid Dynamics Research. Vol.42,2010.
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Optimizing Amorphous Silicon for Photovoltaic Solar Thermal Hybrid Systems
Michael Pathak
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Synopsis
Optimal (south facing) roof space for solar applications is limited and currently there are two main methods competing to
capture the sun’s energy: solar thermal (T) and photovoltaic (PV). A new way to make the best use of space is hybrid
photovoltaic solar thermal system (PVT) systems, which are just entering the market. Current work on the PVTs is focused on
cooling the PV panels, which neglects the thermal output. This research focuses on designing a solar cell to work in a thermal
system to optimize both electrical and thermal performance.

Introduction
The concept of PVT is over 30 years old, however only recently due to the lower cost of PV, has the concept reentered
the market, which can be seen with the International Energy Association promoting awareness with Task 351. Current research on
PVT has focused on different PV panels, different coolants, flat plates or concentrators and improvements on how to cool the
panel better such as adding fins or double pass. However, the focus is on cooling the panel since PV efficiency degrades with
temperature, with crystalline silicon and amorphous silicon-based cells degrading at 0.4% and 0.1% per centigrade respectively.
The efficiency of solar cells is determined at STC where the cells are at 25 oC. However, normal operating temperatures are up to
50 oC above ambient temperatures3. Therefore the concept of cooling the panels appears to be desirable; however, the neglect of
the solar thermal consideration in PVT restricts performance by 50% compared to what a normal thermal system produces2.
The PV material chosen for this study is hydrogenated amorphous silicon (a-Si:H) due to its interesting properties, which
make it an ideal candidate for PVT. Firstly, a-Si:H degrades in sunlight, which is known as the Staebler-Wronski Effect (SWE).
When a-Si:H is exposed to sunlight, the defect density increases due to an increase in recombination of electron-hole pairs, which
then lowers the efficiency of the cells. SWE is the reason why amorphous silicon is made thinner (typically 300-500 nm) than is
ideal to absorb all of the sunlight that falls on it; the thicker a-Si:H is, the higher probability of recombination. However, these
defects can be annealed out to return the cell to its initial efficiencies if the cells are heated to 150 oC for 4 hours. SWE can even
be annealed out at room temperature, however it greatly increases the time need to reach the initial state4.

Methods and Results
To determine if PVT is thermodynamically favorable, an exergy analysis of two PVT versus a PV and T side-by-side
system was compared for three different meteorological locations. The total area and PV panel type were the same. From Figure
1, in all locations the PVT system outperformed the PV + T system, which indicates that PVT is a promising solution for
optimizing roof space for solar energy harvesting. Degradation tests have been completed using Schottky diodes of one thickness
to demonstrate that when running an a-Si:H cell at higher temperatures, the cell stabilizes at a higher efficiency which can be
seen in Figure 2.
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Figure 1: Exergy Comparison of a PVT and PV+T systems

Figure 2: Schottky Diode Thermal Degradation

Future Work and Conclusion
It has been found that a PVT system has a higher exergy than a side-by-side system; however the PVT system could be
improved further by optimizing both the PV and T rather than just the PV. The future work of this study is to run a thickness
series of 300, 600, 900 and 1200 nm of a-Si:H, which will be degraded at the temperatures of absorber plates of solar thermal
systems. This will determine optimal a-Si:H-based PV design to be used in PVT systems.

References
1. IEA SHC Task 35 “PV/Thermal Solar Systems”. http://www.pv-t.org/
2. S.C. Solanki et al. Applied Energy 86 (2009) 2421–2428.
3. T.T. Chow. Applied Energy 87 (2010) 365–379
4. M. Shima et al. Solar Energy Materials & Solar Cells 85 (2005) 167–175
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Evaporative Spray Cooling of Gas Turbine Exhausts for the Purpose of Infrared
Suppression
Nathon Begg
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Synopsis
As infrared guiding technology continues to increase the capability of anti–ship missiles there is need for a
competitive infrared suppression system. Naval ship exhaust plumes can reach temperatures of 570°C which makes
them highly susceptible to detection. Typical exhaust suppression systems incorporate a passively driven duct that
entrains and mixes the exhaust gas with ambient air. Attempts to increase the performance of these systems generally
involve modifications that increase the backpressure on the engine. Evaporative spray cooling has proven to be a viable
way of cooling the exhaust gas while incurring a relatively small parasitic power loss [1].

Introduction
Previous research of these spray cooling systems has been mainly focused on experimentally determining the
infrared signature of the exhaust plume using infrared cameras. The objectives of this research are to design and
validate cost effective experimental spray flow instrumentation, and through comparison, test the applicability of using
CFD as a design tool for this application. The Queen’s Hot Gas Wind Tunnel Facility was used for this research to
simulate a 1/8th scale GE LM2500 gas turbine engine. A typical passive cooling system was designed to incorporate
four spray nozzles for the experimental study.

Methods and Results
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Two spray flow instruments were designed and fabricated by the
author to take experimental data for this research. The first instrument was a
cooled iso-kinetic particle sampling probe. The probe was cooled in order to
reduce the evaporation during collection. In order to validate the probe and the
collection procedure a mass balance was performed by traversing downstream
of the spray injection points at the nozzle exit. The integrated mass flow of the
spray flux contour shown in Figure 1.0 was calculated to be 0.208 kg/s (5%
over prediction based on an input mass flow of 0.198 kg/s). This error was
hypothesized to be a result of a symmetric assumption and an insufficient grid
density. The second spray flow instrument tested was a temperature probe
incorporating an inertial separator to isolate the gas phase for measurement.
This instrument was tested at three different spray mass flows (5%, 7%, 10%
of gas mass flow) to test its applicable range (See Figures 1.1, 1.2, 1.3)
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Conclusions
It was shown through a mass balance that the cooled iso-kinetic sampling probe can sample the local mass
flux of spray to within an acceptable error of approximately 5%. This error is expected to increase when sampling
further downstream due to condensation of humid air inside the probe. The gas phase temperature probe was found to
give reasonable results for spray mass flows up to 7%, while higher mass flows demonstrated its limitations. It was
hypothesized that these limitations were caused by the presence of the probe locally cooling the flow, or that the
thermocouple itself was getting wet causing a low measurement.

References
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The Effects of Snowfall on the Performance of PhotoVoltaic (PV) systems
Rob Andrews
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Synopsis
Proper prediction of PhotoVoltaic (PV) performance is critical to encourage the wide scale adoption and acceptance of PV technologies in the
commercial grid. With the rapid increase in deployment in Ontario, the effects of snowfall on PV performance must be properly quantified to allow
proper modeling and optimization of PV arrays. A study has been performed which investigated these effects at two test sites located in Kingston.
Initial results from these tests sites show that reflected radiation (albedo) has a significant effect on PV performance and is currently being incorrectly
accounted for in traditional modeling and optimization algorithms.

Introduction
The proper design of an outdoors photovoltaic (PV) array relies upon accurate performance predictions of the system and a thorough
understanding of the factors which will effect systems performance. Recently the PV industry in Ontario has grown rapidly due to the introduction of
the Green Energy Act, which encourages the installation of privately owned PV systems across the province. A variable of significant concern in
these installations is the effects of snowfall on the performance of a grid tied PV array. The purpose of this study is to quantify these effects and to
develop best practices methods for reducing these losses.

Methods and Results
There are currently two test fields in operation as part of this investigation. The first test site was commissioned in February 2010 with funding
from Sustainable Energy Technologies. This site is located at Queen’s Innovation Park and consists of sixteen panels eight with frames and eight
without at angles from 0 to 70 degrees in 10 degree increments, and is shown in figure 1. This system measures the short circuit current and top and
bottom temperature of each panel every five minutes, and is visually monitored with five minute time lapse photography. The data is recorded by a
CR1000 datalogger and is transmitted every hour over cellular communications.
Phase 1 of the second site was commissioned at St.Lawrence College (SLC) on 04 January 2011, and consists of 32 panels at angles of
5,10,15,20,30,40,50,60. Metrological short circuit and panel temperature data is measured at 5 minute intervals. Phase 2 of the SLC site has a
planned commissioning at the end of January 2011, will include another 32 panels and will measure true power output of all panels in the array. In
addition two low angle ballasted systems will be included in this system.
In order to determine the losses due to snowfall, a synthetic day must be created for the periods where the panel is covered in snow. This
synthetic day will be the baseline from which the snow losses will be calculated. The synthetic day is based on a linear relationship between
irradiation and panel output. Because this linear relationship is dependent on panel temperature and the spectral composition of the light hitting the
panel, an adaptive algorithm was used which compares data which shares a similar panel temperature and spectral composition to the point which is
being synthetically generated. The difference from the actual panel output to the synthetic day output is considered to be the “losses” due to snowfall.	
  	
  
This comparison was carried out for the initial study in February 2010, and the results are summarized in Figure 3. It can be seen that the ratio of
predicted output to actual output is dependant both on the existence of frames on the module and on the angle of the module. Interestingly for all
angles of unframed modules and for angles above 50 degrees for framed modules, the panels produced more energy than expected had no snow been
present. This demonstrates the effects of increased reflected light (albedo) on the panels, which has a greater effect on panels with a steeper angle and
therefore larger view factor of the ground. The effects of albedo were larger than those predicted by traditional radiation translation models, and
therefore an investigation was performed to investigate the specific effects of albedo on amorphous silicon panels like the ones investigated. The
results of this theoretical study are shown in Figure 4, and show that because of the spectral nature of the reflection of snow, an albedo value of 0.95
should be used instead of 0.7 when accounting for albedo reflection.

Figure 1: Test site at Queen's Innovation Park

Figure 2: Schematic of Phase 1 and 2 of SLC array

Figure 3: Results of snow study, February 2010

Figure 4: Results of theoretical spectral albedo study

Conclusions
The results of the initial study in February 2010 revealed many phenomena related to the performance of PV systems in snowy conditions. These
findings led to the development of an advanced outdoors test field at St.Lawrence College which will add depth and additional information to the
ongoing study at Queen’s Innovation Park. Initial studies have shown that albedo can play a very large role in the performance of PV arrays, and
should be more accurately accounted for in modeling and optimization algorithms.
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Evaluation of various turbulence models in predicting the airflow and temperature distribution in atria
Shafqat Hussain
Synopsis
The performance of six turbulence models potentially suitable for indoor air flow and temperature distribution in an atrium space was evaluated. The
investigation tested these models for representative airflows with forced convection and temperature gradients in two atria of different geometrical
configuration using the Reynolds Averaged Navier-Stokes (RANS) modeling approach. The resultant steady state governing equations were solved using
the commercial CFD solver FLUENT. The numerical results predicted by the models for a particular time of the day were compared with the
experimental data available. Relatively good agreement between the experimental and CFD predictions was obtained.

Introduction
An atrium space is generally defined as a large and tall glazed space in a building. Some of the reasons why atria are now so widely used are: (1) they add
very significantly to the beauty of the building; (2) they allow sunlight to penetrate deep into the building and as a result promote the health and
psychological well-being of the building’s occupants leading to an improvement in morale; (3) they have the potential to reduce energy usage in the
building. Energy usage can be decreased by using an atrium space in the building as a result of daylighting (use of solar illumination in place of artificial
lighting), by the use of natural ventilation in summer and solar heating in winter depending on outdoor environmental conditions. Because the flow in an
atrium space (see Fig.1) can involve many complex features such as mixed forced and natural convection and complex radiation-convection interactions,
it is often a more difficult problem to analyze the flow and thermal phenomena in an atrium space. Computational fluid dynamic (CFD) methods are now
being used for this purpose [1],[2].

Results and Methods
The solution was obtained using a commercial finite volume based code, FLUENT. Inside the atrium cavity the accurate modeling of the flow mixing
requires the use of a turbulence model capable of accounting for low Reynolds effects. One of the intended objectives of this work was to check whether
it is possible to obtain accurate results using a turbulence model that is able to take into account these low Reynolds number effects together with
buoyancy force effects. Accurate modeling of heat transfer in the atrium space implies using a radiation model capable of accounting for the energy
absorption/ emission/ transmission in the semitransparent surfaces of the atrium. In the present work attention was therefore focused on selecting suitable
turbulence and radiation models by comparing the numerical results with experimental data as shown in Fig.2.

Fig.1. Outside view of the Concordia Atrium facade
Conclusions

Fig.2 Comparison of the air temperatures profiles along the height of the atrium

All of the turbulence models considered gave results that agreed with the experimental results to an accuracy that indicates that can be used in, at least,
the preliminary design of atria. Taken overall, the best agreement between the experimental and numerical results was obtained when the k-ω SST
model. The numerical results obtained at various times of the day agreed best on average with the experimental results obtained between 1pm and 5pm.
The predicted mean air and façade temperatures vary more the course of the day than do the measured values. This all suggests that thermal storage
effects in the walls and floor of the building are significant

References [1] P.J. Jones, G.E. Whittle, Computational Fluid Dynamics for Building Air Flow Prediction–Current Status and Capabilities, Building
and Environment, 27(1992) 321-338 [2] P.H. Oosthuizen, M. Lightstone, Numerical analysis of the flow and temperature distributions in an atrium,
Proceedings of the Int. Conference on Computational Methods for Energy Engineering and Environment-ICCM3E, Sousse, Nov 20-22 , 2009
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A Numerical Study of the Effect of Venetian Blind on Laminar-to-Turbulent Transition in the Flow over a
Simple Recessed Window Blind System
Shaghayegh Oghbaie
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada
Synopsis
The presence of a blind adjacent to a window affects the natural convective heat transfer from the window to the room. A number
of numerical and experimental studies of the effects of blinds on the heat transfer from a window have therefore been undertaken.
This study examines the effect of Venetian blind on Laminar-to-Turbulent Transition in the Flow over a Simple Recessed
Window. This problem is solved using a two dimensional numerical model. A steady, turbulent and two dimensional free
convection solution is obtained using finite volume method. Results are generated for different blind slat angles and different
distance of the pivot point of the slats to the window. The results show that over a wide range of Rayleigh number, the distance of
the blind to the window can have a strong effect on the convective heat transfer from the window and also on laminar to turbulent
transition in the flow over the window.
Introduction
The situation considered in the present study is an approximate model of a recessed window which is represented by a vertical
isothermal wall and is exposed to a large surrounding room in which the mean temperature is assumed to be known and higher
than the window as shown in Fig.1. In situations of the type being considered here the presence of a blind or other window
covering can have a significant effect on the laminar to turbulent transition in the flow over the window. Venetian blind is
considered in this study in which the blind is represented by a series of equally spaced flat surfaces termed “slats’ which are
pivoted about their center point and thus as their angle,Ѳ, is changed, the distance of the tip of the slat from the plate changes.
These slats are close to the isothermal surface but are not in contact with it. The slats are assumed to be thin and to have a width
that is significantly less that the height of the vertical surface. The variables used in defining the geometry are shown in Fig.2.
Solution
The fluid properties have been assumed to be constant except for the density change with temperature which is dealt with using
Boussinesq approach. The Venetian blind has been assumed to offers no resistance to heat transfer and to have negligible
thickness so that the conduction along it is negligible. Radiant heat transfer effects have been neglected. The K-epsilon
turbulence model with full effects of the buoyancy forces has been used. These equations have been solved using the commercial
CFD solver FLUENT.
Conclusion
The distance of the pivot point of the slat, r, has been shown to have a very significant affect on the mean Nusselt number. The
results here also show this effect for various values of Ra and Ѳ. In this study the positions where the transition from laminar to
turbulent starts has been studies. In fig.3 the variation of Nusselt number with distance from top of the window for blind slat
angle of -45 degree and for different Ra and r values is shown.

Figure 1- Model of the room used
in the present numerical study

	
  

Figure 2- Variables used
in defining geometry

of si tuati on
consi der ed.	
  

Figure 3- Variation of Nusselt number with distance from
top of the window for different r and Ra
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Optimized multi-sensor based framework for machine condition monitoring
Aida Rezaei
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Synopsis
The importance of machinery condition-based maintenance (CBM) (also known as component health management (CHM)) technologies is well
recognized. CBM has conventionally been based on measuring one degradation parameter. Establishing a degradation model based on an optimal
candidate CBM parameter has been studied. A key area of research in CBM is the development of failure data for the degradation model. A dynamic
large-scale mechanical system test set-up, based on a J85-CAN 40 aircraft engine gear box and accessories (shown in Figure 1) has been designed
and commissioned to generate data for a condition monitoring system to characterize the degradation in a given system.	
  

Introduction
CBM has a remarkable impact on reducing system operating and maintenance costs as well as improving safety by providing a quantification of
damage degradation at an early stage thereby allowing machine failures to be reduced. Moreover, CHM provides the tool for predicting system health
status and remaining useful life without interfering and time consuming inspections [1]. CBM is based on dynamic processes through the diagnosis of
early damage detection, then prognosis of health status and remaining life. An adjusted CHM is able to identify which components need to be
replaced for sustained safe operation and which are still functioning within acceptable limits. Various measures have been investigated to quantify
and trend the degradation of machinery components. However, these measures are only modestly successful in limited and specific applications.

Methods and Techniques
This study is aimed at developing an integrated probabilistic framework that is applicable to a variety of complex systems for generating general
degradation paths for all associated features and operating parameters. The process of estimation of remaining useful life of a component requires
recording system behavior over time by occasional measurements from an arrangement of appropriate sensors, extracting the most susceptive metrics
that relate to component damage, and statistical analysis of these features to determine the current state of the system. To determine which of
parameters are most sensitive to degradation of the system and gain insight into the phenomena a performance function based on a fusion of the
extracted sensed data, environmental and operational conditions, and the output of fault detection modules is required. Subsequently, to achieve
desirable performance criteria, a conventional optimization method can be applied to identify close to optimal degradation sensitive metrics. The
Bayesian regression technique is used to estimate underlying system parameters. Bayesian estimation provides a more realistic estimate of the
uncertainties by calculating the joint probability density function of the model parameters rather than estimating the best parameters and the
corresponding confidence intervals. Another advantage of the Bayesian approach is that it preserves the available information in the scatter of the
data in the form of posterior probability distributions for the model parameters (see Figure 2). The methodology is shown to refer optimized metrics
parameters in 2 applications; a small-scale machine and a large-scale machine. The later is yet under experiment.

Figure 1: J85-CAN-40 gearbox

Figure 2: Bayesian Estimation Structure

Conclusion and Future work
Approaches based on optimized data fusion to estimate remaining useful life of a mechanical system were investigated. For this study, in order to
have access to a real failure data set, a J85CAN 40 gearbox and accessories test rig has been designed to simulate true flight operating conditions.
The final measures of this large scale study are being collected presently.
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Stiffness Analysis of Wire-Actuated Parallel Manipulators
Amir Moradi
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Synopsis
Some criteria, such as the robot workspace, dexterity, and stiffness, must be considered in the design of a robot manipulator. When studying the
accomplishment of contact and noncontact tasks, knowledge of the stiffness or compliance of a manipulator reflected at its end effector is important. Indeed, it
is possible to use the stiffness of manipulators as an index of the accuracy at the position and force levels. Stiffness matrix transforms a differential
displacement of the end effector of a manipulator into the corresponding incremental change in the applied force and moment on its end effector [1].

Introduction

Wire 4
Wire 3
Serial manipulators consist of an open-loop kinematic chain of links and joints; in contrast, parallel
Mobile
manipulators consist of closed-loop kinematic chains. Advantages of parallel manipulators include
platform
characteristics such as high stiffness and accuracy, low inertia, high payload capacity and improved
dynamics. However, parallel manipulators have relatively small workspace. The mobile platform of
solid-link parallel manipulators is connected to the base by several branches/legs that consist of links
and joints. However, the mobile platform of the wire-actuated parallel manipulators is attached to the
base with multiple wires (shown in Figure 1). As a result of using long wires, it is possible to have
Wire 1
Wire 2
large workspace for these manipulators. Other advantages of wire-actuated manipulators are the light
weight of wire actuators, and the easy disassembly and transportation of the manipulator. Using wire
Fig. 1. Example wire-actuated parallel manipulator
actuators does, however, impose some limits on the design of the manipulator. Because wires act in
tension, keeping the positive tension in wires becomes a challenge. In addition, because of this characteristic of wires, at least n+1 wires are required in
the design of a fully controllable manipulator in order to have a manipulator with n degrees of freedom (DOF). As a result of using wires instead of solid
links, the stiffness of wire-actuated parallel manipulators is relatively low relative to the stiffness of solid-link parallel manipulators.

Methods and Results
The complete form of stiffness of planar wire-actuated parallel manipulators is formulated. The differential form of the static force and moment
equations is used to formulate the symmetric stiffness matrix for a given pose of the manipulator. The symmetric stiffness matrix and singledimensional stiffness maps are formulated for the example wire-actuated manipulators in the absence and presence of gravity. Variation of the wire
stiffness with the wire length is considered in the formulation and the stiffness maps of the example manipulator shown in Figure 1 are presented in
Figure 2. The effect of wire failure on the stiffness of planar wire-actuated parallel manipulator is investigated and the stiffness maps after failure for
the example manipulator are shown in Figure 3. It is shown that by changing the anchor position and mobile platform orientation, the lost stiffness
after failure can be retrieved partially. Variation of the stiffness map area versus anchor position and mobile platform orientation of the example
planar wire-actuated parallel manipulator is shown in Figure 4. Through examination of these plots, optimum anchor position and mobile platform
orientation can be identified to maximize the area of the stiffness map. The stiffness maps after optimization are shown in Figure 5 for the mobile
platform orientation of φ = 0° and anchor position of a4y = 0.39 m for wire 4.

(a) along X direction
(b) about Z direction
Fig. 2. Stiffness maps of manipulator before failure

(a) along X direction
(b) about Z direction
Fig. 3. Stiffness maps of manipulator after wire 1 is disconnected

Fig. 4. Variation of the stiffness map area with changes in orientation of mobile
platform and position of anchor 4 after failure of wire 1

(a) along X direction
(b) about Z direction
Fig. 5. Stiffness maps of manipulator after failure of wire 1 with the optimum
mobile platform orientation and anchor position for wire 4

Conclusions
The complete form of stiffness of planar wire-actuated parallel manipulators before and after the loss of a wire was formulated. The symmetric
stiffness matrix and the corresponding single-dimensional stiffness were calculated and stiffness maps for the example wire-actuated manipulator
before and after failure of a wire were developed. Strategies for retrieving the lost stiffness after failure and the combination of the strategies were
implemented on the example manipulator, including relocating the anchor position of wires and changing the orientation of the mobile platform. In
addition, the optimum values for the mobile platform orientation and anchor position to maximize the area of the stiffness maps were used to develop
the optimized stiffness maps after failure.
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Exhaust System Optimization using a Multi-objective Genetic Algorithm
DAVID C ERANTOLA
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Optimization methodologies are beneficial for identifying designs with higher efficiencies and lower costs. The nondominated sorting genetic algorithm is one method available that can accommodate multiple possibly conflicting objectives that are characterized by numerous free variables. An illustrative example for a gas turbine exhaust system with three
objectives confirmed that the evolutionary process was capable of converging towards the set of Pareto optimal solutions.

Introduction
HE design of processes involving complex fluid flows has been a challenge for many engineers. Design requirements often involve
multiple competing objectives that eliminate the possibility of one optimal solution. Traditionally, optimization has been accomplished using trial-and-error procedures; however, evolutionary algorithms offer a systematic approach that reduces the decision maker’s
bias in identifying the preferential nondominated solutions.

T

Methods and Results
r
The nondominated sorting genetic algorithm II proposed by Deb,
Lc
airfoil strut
Pratap, Agarwal, and Meyarivan1 was implemented to evaluate multiple objectives for the exhaust system shown in Figure 1. The algoα1
rithm first randomly generated N geometries (parents). Through imα2
annulus
l1
diffuser
plementing binary tournament selection, recombination, and mutation
l2
operators, two possibly different parents were chosen to create a new Do
x
Di
l3
value for each of the free variables. A total of N children were created
centre body
that were then compared to the existing parents. The 2N solutions
primary flow
θd = 6◦
were sorted by nondomination level (Pareto front rank) and crowding
distance (nearness of adjacent solutions on the same Pareto front) and
transition duct
retained the best N solutions. These N solutions became the set of
L = 2.5Do
N parents for the subsequent generation with the expectation that the
evolutionary process would create children with improved attributes. Figure 1: Schematic of an exhaust system placed downstream of a gas
The process terminated when the specified number of generations was
turbine. Annulus geometry is fixed.
reached.
To confirm proof of concept, an analytical exercise was completed using the design requirements outlined in Table 1 for a population
size N = 10. Although the three objectives were based on fluid properties, the first two were assigned by analogous relations to geometry:
flow separation is dependent on the centre body shape where lower total pressure loss is associated to a more conical shape and a better
outlet profile is dependent on a smaller centre body volume. Figures 2(a)–2(b)
Table 1: Exhaust system design requirements
show the competing nature of objectives 1 and 2 since ideally, the best solution
Function
Reduce plume temperature and provide optical will occur at the top left corner. (Plots with objective 3 develop similar trends;
blockage of upstream components
Constraints
Overall length and diffuser divergence angle fixed however, the analytic nature of the exercise resulted in constant C p,d values for
Objectives
1. Minimize total pressure loss
the optimal solutions since Lc → 0 yields a diffuser with the best pressure recov2. Maximize outlet velocity uniformity
ery.) The non-uniform spacing of the points on Front 1 in Figure 2(b) suggests
3. Maximize diffuser pressure recovery Cp,d
that further generations are necessary to better define the Pareto optimal front.
Free Variables Six geometric variables defined in Figure 1

o
Fr

directions for
improvement

1
nt

Front 2

Front 3

Total pressure loss
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(a) First generation

Outlet uniformity

The utility of a genetic algorithm in the evaluation of design optimization is beneficial
for multi-objective problems. The optimization process iterates towards achieving a nondominated set of solutions that is a subset
of the typically unknown ideal solution set.
Future work will implement computational
fluid dynamics to calculate the objective parameters.

Outlet uniformity

Conclusions

n
Fro

t1
t
Fron

2

Total pressure loss
(b) Tenth generation

Objective space. There are 10 points on the 3 fronts in the first generation that become
the parents for the second generation. The points on Front 2 at the 10th generation are
discarded because Front 1 has 10 solutions. Circles identify discarded solutions. Axes are
consistent indicating that the evolution process is converging towards an ideal solution set.
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Detection of Visually Cued Faults in Assembly Automation
Greg Szkilnyk
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada
Introduction
Machine faults and breakdowns are an important concern for the manufacturing industry as they greatly influence production rates and downtime
[1]. Typically, for online fault detection, a machine will employ various types of sensors (optical, proximity, temperature, etc.) that monitor machine
operation and generate fault alarms in a PLC if something abnormal has occurred [2]. This methodology is limited by the quantity of instrumentation
on the machine and the physical nature of the faults themselves, and also provides technical personnel with limited information about the fault if they
did not witness it firsthand. This work explores the use of machine vision (MV) as a fault detection application, attempts to evaluate its effectiveness
and to determine optimal MV tools for this application. The motivation for MV in this application is to provide a simple, nonintrusive and effective
method for online detection of (visually cued) machine faults that has the potential to provide personnel with informative, high quality fault video
data for review and correction.
Methods and Results
A system was developed to evaluate the effectiveness of MV in a fault detection application using LabView software and conventional webcams.
A laboratory-sized conveyor (Figure 1, Table 1) was used as a prototype. Several webcams were mounted to a frame focusing on several areas of
interest of the conveyor (Figure 2). Tests were conducted to determine which types of faults occur with this particular machine and how frequently
they occur (Figure 3). Once the fault types were determined, several LabView programs were created, each using a different vision tool configured
to detect two of the most common faults (Figure 5). An example of the GUI developed in LabView is shown in Figure 4. The four vision tools
studied were Edge Detection, Pattern Matching, Geometric Pattern Matching and Colour Inspection. The conveyor was run 500 times with each
program to determine the fault detection (and false negative) rate of each vision tool. These results are shown in Table 2. Each tool was also
qualitatively analyzed.
Table 1 – Conveyor Components

Figure 1 – Feedback Conveyor System

Figure 3 – Histogram of fault frequency for 1500 part cycles of the conveyor

Figure 2 – Experimental setup with conveyor,
frame and webcams

Figure 4 – Example of the LabView system GUI

Table 2 – Fault detection rates of each LabView vision tool.

Figure 5 – Dispenser Jam Type A (left) and Dispenser Jam
Type B (right)
Conclusions
The results of the experiment indicated that the Color and Edge Detection tools performed the best, but upon further study, these results were
somewhat misleading. While they performed well in detecting the two faults chosen for the experiment, it is suspected that they would not perform
this well in detecting other types of faults in other locations due to reasons such as lighting effects (Color Inspection) and faults not primarily
identified by the presence of an object (Edge Detection). Also, during development, several limitations of this system were revealed, such as the
requirement of fault knowledge (existence and appearance) prior to system implementation. Despite the limitations, it is felt that the high detection
(and low false negative) rates of certain tools are promising and that further development of MV in this application is warranted.
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Influence of Grain Size on Laser Machining of Ceramics
Dr. Gene Zak and Michael Furlan
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Synopsis
The effect of grain size on the laser machinability of Alumina was conducted in order to meet the demand of higher tolerances when laser
machining advance ceramics. Laser lines produced in Alumina samples of varying grain sizes showed a difference in the amount of damage produce
along the edges of the channels that were created, with less damage being produced in smaller grained samples. Quantitative measurements have not
been made as of yet, but it is expected that an affect with regard to surface roughness and materials removal rates (MRR) will also be evident. Based
solely on the researcher’s speculation, it is expected that a reduction in both surface roughness and MRR will occur at finer grain sizes.

Introduction
Laser machining is filling the niche market created by the increased demand for advanced ceramics and high manufacturing tolerances.
The benefits gained from the non-contact material removal process of laser machining surpass any advantages known to previous methods of
machining [1]. Furthermore, laser machining involves no tool wear and no cutting force. Since ceramics are generally hard and brittle, laser
machining seems to offer a desirable method of dealing with these substances. Currently, methods used to form ceramics commonly include
moulding shapes directly and diamond grinding [2,3]. These methods may be inaccurate, slow and expensive. Laser machining offers an alternative
to such conventional machining of ceramics, and can produce a wide variety of shapes with high accuracy and flexibility in design. With this new
technology also come new challenges involving areas which can be improved on. Some of these areas include increased material removal rate (MRR),
lower surface roughness and tighter tolerances. The purpose of the research conducted is to examine the effected that grain size has on the laser
machinability of polycrystalline ceramics.

Methods and Results
Alumina samples were produced using a slip casting method [2] and then sintered at one thousand six hundred degrees Celsius for varying
times: one, two, three, five and twenty four hours. A single line was then machined into the Alumina samples using a 7 Watt, frequency tripled,
pulsed Nd:YAG (neodymium-doped yttrium aluminium garnet; Nd:Y3Al5O12) laser beam with a focused spot size of approximately fifteen
micrometers and a three hundred fifty five nanometer wavelength (ultraviolet), operating at forty thousand hertz and a ninety five percent pulse
overlap. The samples were analyzed using and optical microscope and a scanning electron microspore. Images captured with the optical microscope
can be seen below in figure one for the varying sintering times.

(a)

(c)

(b)

(e)
(d)
Figure 1: laser machined line in alumina samples with differing sintering times, (a) one hour, (b) two hours, (c) three hours, (d) five hours and (e)
twenty four hours.

Conclusions
It is clear from the images above that grain size does have an effect on the laser machinability of Alumina. It appears that less damage and
therefore tighter tolerances can be obtained with smaller grained samples. Quantitative measurements regarding surface roughness and MRR still
need to be obtained. Based solely on the speculation of the researcher it is expected that a reduction in both surface roughness and MRR will be
present in finer grained material. Due to the complex nature of the interaction of laser light and polycrystalline materials such as Alumina, further
testing will need to be conducted which would examine a variety of laser sources and materials.
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A Quantitative Study of Illumination Techniques for Machine Vision Based Parts Inspection
Michael Yan
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada
Synopsis
Machine vision research has been focused on the development of intelligent systems [1] and improved algorithms for inspection systems with the
increasing availability and declining cost of computing power and camera technology. Such advancements in visual inspections systems focus on
creating a system that is more robust, accurate and consistent. With a focus on these technical improvements, some basic concepts, such as lighting of
machine vision have been overlooked or neglected, and such as have evolved as more of an art than a science.
Introduction
Vision systems are ideal for inspection tasks as they are able to collect information from a user defined region without any need for contact.
Cameras are available to suit many needs, such as capturing images in different light spectrums (such as infrared or ultraviolet) or at different speeds
(high frame rates for high-speed manufacturing). However, the quality of inspection that a vision system can offer depends on its ability to accurately
and consistently identify features to determine if a target passes or fails. More complex software is often applied to get better results, but the quality
of the images used is often overlooked. Lighting is one major factor on the quality of the image, which should optimally highlight desired features
while masking others to reduce noise in the image.
Methods and Results
The study focused on the three basic lighting geometries [2] (Figure 1): backlighting (Figure 3), bright field (Figure 4) and dark field (Figure 5)
illumination which are tested with two standard machine vision algorithms in LabVIEW. The inspection task was to detect the presence of J-clips on
an aluminum carrier in a custom test cell (Figure 2), where the presence of a J-clip is classified as a pass. Raw data was recorded in the features used
to detect the presence and absence of a clip. The lighting geometries were judge on its effect on the separatabiliy of the pass and fail sets. Table 1 and
Table 2 compare the performance of the three lighting geometries with their effects on minimizing set variation and maximizing set separation,
respectively, using backlighting as a baseline.
Right

Camera

Left

Backlight

Sample

Dark Field

Bright Field

Figure 1 - Light Geometries

Figure 2 - Test Cell

Figure 3 - Backlight Example

BF
DF

BF
DF

Figure 4 - Bright Field Example
Figure 5 - Dark Field Example
Table 1 - Percentage increase in set variation from backlighting
HM
GM
Small Clip
Big Clip
Small Clip
Big Clip
Fail
Pass
Fail
Pass
90%
68%
-8%
180%
1158%
817%
23%
118%
395%
231%
48%
455%

Table 2 - Percentage change in data set separation from backlighting
HM
GM
Minimum Separation
Average Separation
Minimum Separation
Small
Big
Small
Big
Small
Big
-70%
-59%
-37%
-49%
-10%
-15%
-65%
-78%
-33%
-96%
-0.4%
-9%

Average Separation
Small
Big
-3%
-4%
-0.4%
-2%

Conclusions
Backlighting produces the best performance because it is able to generate an image that minimizes noise and maximizes contrast of the target
features. However this does not imply that backlighting should be used for all vision-based inspection tasks as there are many physical and
environmental limitations that may prohibit it. Lighting systems need to be tuned for each specific task and significantly impacts the quality of
images captured, which ultimately affects the performance of a machine vision based inspection system. While more complicated systems can be
employed to improve a system’s performance, it is important to ensure that the basic components are tuned to maximize the system’s potential.
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Modeling the Influence of Design Geometry on the Effectiveness of the Coining Process
Tristan Koivisto
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Synopsis
Coining is one of the oldest metal forming processes and recently has been studied only in secrecy, so extremely
little information on the process is publicly available. 26 designs of punches were made to experimentally find how
the force required to make a full impression is influenced by design geometry (depth, wall angle, perimeter) as well
different materials and if a design is used on both sides or just one. The experimental findings will also be compared
to a FEA model.
Introduction
Mainly known for producing coins, the coining process is a precision, closed-die, cold-working process used to put a
final finish on metal surfaces. Significant FEA modeling and experimental research into the coining process has
been conducted but no published research is available. Coining research is kept as proprietary information by mints
and coin tooling companies around the world. With an interest in lowering energy use and improving process
efficiency, we are investigating the influence that different aspects of coin design geometries has on the
effectiveness of the process.

Ra (μm)

Volume of design
filled, %

Methods and Results
The experimental coining uses an 80 ton double-action hydraulic press with a hardened
M2 Steel punch mounted on either hydraulic ram. The punches (Ø 0.9967”) insert
tightly into a steel carbide die (0.9980” I.D.) which is mounted to the press table and
contains the coining process. Labview is used for the press controller as well as data
Figure 1: Coin press setup
acquisition and recording of applied load and punch positions.
Twenty-six interchangeable punch heads were developed for testing the most influential aspects of punch designs.
The punch heads use a combination of: 2 shapes (circle, doughnut) to test effects of design perimeter, 4 depths (5,
10, 15, 20 thou), and 4 wall angles (0°, 15°, 30°, 45°). A duplicate punch head can be used on both sides of the coin,
or one side can be replaced with a punch that has no design, additionally, different materials will be tested. In order
to be comparable to each other, the punch heads were designed so punches of equal depth have equal volumes,
regardless of wall angle or design shape.
(1)
F=kYfA
Forming effectiveness
Equation 1 is one of the only published [1]
Ring (0.020", 45°), Copper
equations about coining, it estimates the required
100
forming force based on the materials yield stress
k=3
k=5
(Yf), the projected area of forging (A), and k, a
50
coefficient between 3 and 5. For each punch design,
coin blanks are stamped to different peak forces
0
Figure 3: FaroArm scan
then scanned by a LASER-equipped FaroArm in
0
20
40
order to find the volume of material that has flowed into the punch design,
Peak forming force (tons)
represented by the light red section in Figure 2. Figure 3 shows the scan results
of a test using copper blanks and a punch head with a depth of 0.020”, wall angle Figure 2: Forming effectiveness
of 45°, and the doughnut design used on one side, and a flat punch on the other.
Roughness Change
At 40 tons (the press’s current capacity) only about 45% of the design’s volume
Ring (0.020", 45°), Copper
was filled. The black bars represent the range of applied force that Equation 1
0.4
predicts is needed to fully form the design. Change in surface roughness of the
coins is investigated as well. The results shown in Figure 4 indicate that surface
0.2
roughness of the punch is nearly matched when only about 20% of the design is
filled.
Punch Roughness
0
Conclusions
0
20
40
Preliminary tests show results approximately as expected and research for all
Peak
Forming
Force
(tons)
other punch designs will go ahead in order to find what influence different
factors have on the forces required. FEA modeling of the same will develop as Figure 4: Roughness decrease
well.
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Discrete AC Electrokinetic Electrode Arrays Fabricated by PolyMUMPs Technique
Guo, Xin
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Synopsis
Micropumps that exploit AC electrokinetic phenomena have low power consumption and no movable components. AC electroosmosis is a major
type of AC electrokinetic phenomena that has been extensively studied since the idea was introduced in 1999. The design of the ACEO electrode
arrays was being refined to improve the pumping performance, for example, using asymmetric planar electrode arrays, traveling wave electrode
arrays and 3D stepped electrode arrays. The goal of our work is to study and evaluate a new, discrete electrode structure for ACEO pumping (see Fig.
1 and Fig. 2). The prototyping of this complex electrode structure was facilitated by PolyMUMPs, a commercial micro-fabrication process.

Introduction
ACEO pumping is mediated through the motion of liquid along the electrolyte-electrode interface, where a layer of charges is induced by an
applied external AC electric field. The charge distribution of ACEO at the electrolyte-electrode interface can be simplified and described by a
double-layer model – a stern (or immobile) layer and a diffuse layer. Coulombic forces are exerted on the mobile ions in the diffuse layer when an
external electric field is applied. The tangential component of the electric field (parallel to the electrode surfaces) creates a driving force on the ions
in the diffuse layer resulting in fluid motion. The bulk fluid driven by the shear stress moves in a manner of laminar flow because of the small
Reynolds’s number (see Fig. 3). A unidirectional flow can be created by breaking the symmetries of the microfluidic system for example, the spatial
symmetry[1], the temporal symmetry[2] and the material property symmetry[3]. However, most of the conventional electrodes have a continuous
geometry (Fig.1), which only creates flow on top the electrode array. In this study, we discretized the electrode to make the side walls in the groove
between the discretized electrodes contribute to the flow.

Methods and Results
The evaluation of the pumping performance was first carried out with an FEM model, where it shows the side wall effect and a unidirectional flow
(see Fig. 4- Fig.6). Then the experimental work was done using 0.5mS/m saline solutions. 6µm-diameter latex spheres were utilized to trace the flow.
The electrode array was powered by probes connected to a function generator (FlukeTM) which gave out 6~10Vpp sinusoidal signals with a frequency
range from 500Hz to 200kHz. The pumping area was immersed in the saline solution, covered by a glass slide to flatten the droplet surface and
reduce the evaporation rate. A channel height of about 350µm was measured using a microscope (Motic® PSM1000 optical microscope) from the
centre of the pump to the glass slide cover. Particle motion was observed using a digital camera mounted on the SUSS MicroTecTM probe station and
captured with LabviewTM software. The microscope was focused on the electrodes in order to measure the number of electrodes that a particle
passing through. The particles measured were lying about 30µm above the electrodes by measurement. The maximum particle velocity found was
90µm/s, 130µm/s and 200µm/s at about 2kHz for a voltage of 6Vpp, 8Vpp and 10Vpp respectively, although small deviation of the peak velocity
frequency in simulation and experiment can be seen for different voltages (see Fig. 7).

Fig. 1. Continuous v.s discrete electrode design

Fig. 2. The FIB picture

Fig. 3. ACEO principle[4]

Fig. 4. The FEM model

Fig. 5. The electric field (a side view)

Fig. 6. Time averaged streamlines (a side view)

Fig. 7. Testing and simulation

A video clip of the particle tracing

Conclusions
Our work demonstrates that the discrete electrode design could create a unidirectional flow. The experimental results qualitatively agree with the
simulation results. Future work will be needed to optimize the design.
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Introduction
A continuing trend in the automotive industry of North America is a shift towards lighter vehicles with greater fuel efficiency without
sacrificing crashworthiness.. Such a trend has necessitated changes in material selection for the vehicle body, which makes
make up approximately
one-third of the mass of a typical five-passenger
passenger family car [1]. For steel manufacturers, this divergence from the use of traditional high
strength steels (HSS) will ideally be towards implementation of thinner and higher strength ferrous alloys such as dual-phase
dual
(DP) steels of
the advanced high strength steel (AHSS) class. DP steels hold great promise for automotive structural sheet-forming
forming applications due to their
high initial work hardening rates, low yield strength to tensile streng
strength
th ratios, high ultimate tensile strengths, and strong positive strain rate
sensitivities compared to HSS. However, the microstructure of DP steels can lead to increased levels of damage
d
development during
straining, reducing the ductility of the material.. The increased damage is known to be partially responsible for unpredicted shear fractures
during part forming operations [2]. The martensitic phase of the mainly ferrite
ferrite-martensite
martensite microstructure of commercial DP steels is
recognized to act as a nucleation
on site for void damage
damage. Nucleation primarily occurs at the interface between ferrite and martensite particles,
as a result of strain incompatibility between the two phases, or due to martensite particle cracking [[3]. Several characteristics of the
martensitic phase have been shown to affect the degree of void damage development including: volume fraction, grain size, grain shape,
distribution, and carbon content [4]. To avoid costly die modifications and redesigns
redesigns, it is imperative that automotive part
p
forming failures
be accurately predicted in a virtual environment through damage modeling coupled with
th finite element analysis.
analysis Hence, the relationship
between martensite morphology and damage evolution must be analysed quantitatively. Due to the relatively high peak strain rates,
rates
approximately 10/s [5], encountered in part forming operations relative to standard forming limit Nakajima dome tests, the effect of strain
rate on damage development must also be considered.

Methods and Results
In the present study, two alloys of commercial galvannealed DP sheet steel with differing non-ferritic
ferritic phase volume fraction were
subjected to in-plane plane-strain (IPPS) tensile testing. Microstructural variants of the alloys were produced through the following heat
treatments of cold rolled material of equivalent composition
composition: (i) rapid intercritical annealing and (ii) pre-conditioning
conditioning of the microstructure
prior to intercritical annealing. The goal of the heat treatments was to produce further IPPS
S samples with varying martensite morphology.
Degrees of void damage present in failed samples are currently being measured using optical microscopy and X-ray
X
micro-computed
tomography (XMCT), and compared to the size, distribution, and volume fraction of martensite particles present.
Mini-tensile
tensile testing specimens were produced from DP780 material and extended at quasi
quasi-static,
static, intermediate, and high strain rates by S.
Winkler of the University of Waterloo. These were examined using XMCT for void damage dev
developed
eloped in the specimens near the fracture
surface and in the uniformly deformed region. Contrary to the results of Winkler et al. [6],, strain rate does appear to have an effect on the
amount of damage developed in the DP780 steel examined (Fig. 1). All specimens failed via ductile shear-fracture
fracture with the initially
initi
dominant
mechanism being void nucleation, growth, and coalescence, followed by final failure through a shear mechanism [6]. The shear mechanism
became more dominant with increasing strain rate. Notched mini-tensile
tensile specimens with varying notch radii were also tested to examine the
effect of stress triaxiality on damage development. Preliminary XMCT results for the notched mini-tensile
tensile specimens
speci
have not elucidated a
strong correlation between
en stress triaxiality and volume fraction of damage developed,, but it must be considered that increased strain
localization results in reduced uniform elongation and therefore decreased opportunity for void nucleation and growth to occur to an
appreciable degree outside of the shear band. Voids were observed to be somewhat more elongated in samples with smaller notch radii,
suggesting higher levels of triaxiality increase void coalescence events
events.

500 µm

500 µm
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500 µm

Fig. 1. XMCT reconstructed RD-TD slices in the mid
mid-thickness region of DP780 mini-tensile
tensile specimens where the greatest amount of damage
was visible. (a) = 0.001 s-1 (b) = 1 s-1 (c) = 100 s-1 (d) = 1050 s-1
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Study of the Role of Interstitial Oxygen on Strength and
Deformation Behaviour of Zr-2.5wt%Nb
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Introduction
The alloy Zr-2.5wt%Nb is used in pressure tubes in CANDU reactors. The alloy is composed of . The
deformation behaviour is highly texture dependent. Current models of the behaviour of Zr-2.5wt%Nb
are limited to a small range of textures, and extrapolation to other textures is inappropriate [1]. In Zr
alloys, oxygen is a well known strengthening agent. Oxygen is added as a controlled solid solution
element, at concentrations in the range of 950-1500ppm. To further the understanding of the role of
interstitial oxygen and texture on the deformation behaviour of Zr-2.5wt%Nb, compression tests have
been performed with in-situ neutron diffraction.

Experimental
Compression samples were prepared from hot extruded Zr-2.5Nb% rod. Samples were prepared with
different concentrations of oxygen, and heat treatments were performed before testing. Compression
tests were performed at ISIS. In-situ neutron diffraction allowed for the measurement of lattice strains
during deformation. Texture measurement was performed at Chalk River Labs; both undeformed and
deformed textures were measured.

Results
Oxygen concentration is observed to affect texture development during the β → α + β transition. This
is likely due to the stabilization of the α-phase, but the presence of oxygen may affect variant selection.
The compressive yield stress was observed to increase with increasing oxygen concentration. Oxygen
is preferentially segregated to the α-phase, but suppression of plasticity in the β-phase has also been
observed (Fig. 1).

(a)

(b)

Figure 1: Average phase strains during compressive loading of as-extruded Zr-2.5wt%Nb rod, with nominal oxygen concentration of a)
1100ppm and b) 3000ppm. The α-phase yields first in both cases (as indicated by the top dashed line). Strengthening of both phases is
observed. Lattice strains determined by Rietveld refinement of neutron diffraction data. Strains in both the compression and Poisson
direction are shown.
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Introduction
Zirconium is a widely used material in the nuclear industry due to its good mechanical properties, corrosion resistance and low
neutron absorption cross sectional area. Thus it is important for the industry to gain a more comprehensive view on the deformation
behavior of its various alloys. A previous study conducted by Feng Xu was done to show the uniaxial deformation of zircaloy 2 [1]
therefore in order to provide a comparative and hence improve the understanding of deformation the plane strain tests were conducted
on the same alloy. Results from the previous study were used to obtain parameters in an elastic-plastic self consistent model (EPSC),
the plane strain experiments will provide another data set for which the EPSC code can be validated.

Experiments
In-situ plane strain neutron diffraction room temperature experiments were conducted at ISIS laboratories using a “white” beam
neutron source. A rig specifically designed for neutron diffraction plane strain was used, details of which can be found in [2]. Due to
the anisotropic nature of zirconium tests were conducted in several sample directions. Load control was used in the majority of the
elastic regime before yielding displacement control was introduced.
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Figure 1: Lattice Strain Curve Comparison of Plane strain Versus
Uniaxial [1]. (Nomenclature XD/YD/ZD stands for loading in XD,
constrained in YD and Measured in ZD).
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Figure 2: Intensity profiles Comparing the Effect of constraint
in the ND direction

Results
From the experimental data lattice strains were retrieved through the use of single peak fitting. These are then compared to the
uniaxial data found from [1], figure 1. Twinning occurred for all compressive tests unless the loading direction was along the ND
direction, which possessed a strong 0002 texture. From figure 2 it is can be seen that the constraint of the ND has an impact on the
magnitude of the twinning as represented by a greater intensity increase in the 0002 plane during the test in which the ND direction
was constrained.
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Recovery behaviour at the inter-alloy region
Of a cold rolled clad aluminum alloy.
Debartha Bag, Supervisor: Dr. Brad Diak
Dept. Of Mechanical and Materials Eng. Queen’s University, Kingston, Canada
Introduction: Dislocations are stored into metal during cold deformation, and this results in around 5-10% of the energy
spent in deformation being stored in the crystal lattice. This stored energy is an important parameter in thermo-mechanical
processing as it later serves as a driving force for recovery and recrystallization. Deconvoluting the broadening due to
lattice disorder from the X-ray diffraction profile from a deformed material can be used to measure the dislocation density
and thus stored-energy. Clad material system has been chosen for this work because of the interesting recovery behaviour
in microstructure and properties, noticed at the interface region between core and clad metal.
Experiment: Sample coupons were prepared from the interface region of an aluminum sheet of core AA6111 clad with
AA3003 after 72% cold rolling reduction. Coupons were heated isochronally, or isothermally at different temperatures or
times, respectively, to probe the recovery kinetics of X-ray peak broadening. The X-ray macro-texture, and microhardness values were also measured to co-relate with the evolution of X-ray broadening data.
Results: The initial macro-texture for the deformed sample was measured to be mostly S (~30%) and Brass (~ 14%)
textures, and very little volume fraction of grains had a Cu texture. The recovery of the {220} {311}, {222} and {400}
peaks were measured using a Rigaku diffractometer with Cu Kα radiation. A pseudo-voigt function was fit to the profiles
to obtain the shape factors describing the microstructure. Recovery in the peak broadening also co-relates with the change
in mechanical properties such as reduction in the hardness. The observed sharpening of the X-ray profiles during recovery
can be attributed to the microstructural evolution due to relaxation of dislocation substructure, and subsequent release of
the stored energy. This x-ray data is deconvoluted to determine the dislocation arrangements and density using a modified
Williamson-Hall model [c.f. Ungar et al. 1999]

Fig 1: Temperature dependence of the recovery of
the Gaussian component of the {220} pseudo-Voigt
peak profile full width half maximum (FWHM), and
Vicker’s microhardness in the inter-alloy region
(averaged over 5 measurements) with sequential 2
minute isochronal anneals.

Fig 2: {220} pseudo-Voigt x-ray line intensity
distribution of the Kα1 peak in reciprocal space (after
subtracting the background and Kα2 components) in
the deformed state, and after sequential 2 minute
anneals up to 205°C, and 355°C. The intensity is
normalized by the maximum of each measurement.

Future Work: Evolution of microstructural parameter will be measured during isothermal annealing for measuring the
recovery kinetics, and subsequently activation energy. X-ray broadening parameters will also be measured at the specific
ideal orientations in the deformed material, and orientation-dependent stored energy will be captured.
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Characterization of InxGa1-xN for Optimization in Photovoltaic Applications
Dirk McLaughlin
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Introduction
Photovoltaic cells convert the energy from photons in sunlight into useful electrical energy via the photoelectric effect. Photons with energy
greater than a semiconductor’s band gap will be absorbed and an electron kicked out which can be collected to form an electric current. Indium
gallium nitride (InxGa1-xN) is a metal alloy semiconductor with great potential for use in photovoltaic applications. By varying the indium content in
the film, its band gap can be varied from 0.7eV (InN) to 3.4eV (GaN) 1. This allows for the development of multi-junction InxGa1-xN solar cells that
can efficiently absorb the entire solar spectrum. However, there remain significant problems during growth in maintaining crystallinity and optical
quality at high indium concentrations. This is largely due to the difference in lattice spacing between InN and GaN.

Methods
InxGa1-xN films are deposited on silicon substrates using a novel plasma-enhanced evaporation deposition system. A wide array of
characterization techniques are employed to analyze and understand the structural, compositional, optical and electronic properties of InGaN
samples. These include: scanning electron microscopy (SEM) imaging, secondary ion mass spectroscopy (SIMS), photoluminescence (PL)
measurements, spectroscopic ellipsometry and dark and light photoconductivity using a solar simulator.

Results
SEM images, as seen in Figure 1, have shown that the InxGa1-xN films grown with lower indium content and at higher temperatures develop
highly crystalline nanocolumns. This crystallinity and microstructural order clearly decreases at higher indium levels. XRD analyses were performed
which confirmed these conclusions. The InxGa1-xN samples were measured via spectroscopic ellipsometry and models were created to fit the data. An
example of such a data fit and the model used is shown in Figures 2 and 3 respectively. A physically accurate and well-fitting model allows for the
extraction of data on film thickness, optical constants and absorption coefficients. Tauc plots, seen in Figure 4, were created from this absorption data
to obtain optical band gaps.

Fig 1: SEM image of InxGa1-xN nanocolumns

Fig 2: Spectroscopic ellipsometry model fit

Fig 3: Spectrosopic ellipsometry model breakdown

Fig 4: Tauc plot of three InxGa1-xN samples of varying In content

Conclusions
Optical, microstructural and compositional characterization analyses have shown that the plasma-enhanced evaporation system successfully
produces InxGa1-xN films with properties that make the semiconductor so promising for photovoltaic applications. A dispersion parameter model has
been developed which can be used to accurately fit ellipsometric data and extract useful information such as film thickness, surface roughness,
optical properties and absorption coefficients over the entire range of InxGa1-xN compositions. Results from these models showed that changing the
nominal indium content during deposition did in fact alter the band gap of the In xGa1-xN film which is necessary for the design of high-efficiency
multi-junction cells. Dark and light photoconductivity measurements using a solar simulator will be taken which should allow for correlations to be
made between electrical performance and microstructural, optical and compositional properties.
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Hydride Phases and Delayed Hydride Cracking in Zr 2.5wt%Nb
Eric Tulk
Department of Mechanical and Materials Engineering

Fraction Delta Hydride

Introduction
Zirconium alloys important for use in nuclear reactor core components because of their mechanical
properties, corrosion resistance and low neutron capture cross section. However, these zirconium
components can be compromised by the uptake of hydrogen from a corrosion reaction with the reactor
coolant. This can lead to a decrease in mechanical properties from the formation of brittle hydrides.
Additionally, a sub-critical crack growth mechanism known as Delayed Hydride Cracking (DHC) has
caused failures in reactor components. Fundamental understanding of DHC and its causes is important to
develop models to prevent it from happening. This is the driver for this work.
DHC
The ability of hydrogen to migrate to the crack tip is commonly regarded to be the most important factor
concerning DHC. In general, two models describing hydrogen migration have been suggested in the
literature. One model suggests the reason hydrogen migrates to the crack tip is a result of the different
stress states between bulk hydrides and notch tip hydrides [1]. Another model suggests that the
concentration gradients between the notch tip and bulk provides the driver for the hydrogen migration [2].
In this experiment, DHC parameters are measured in attempt to see different behaviour based upon
different bulk hydrides (different stress states). Zr-2.5wt%Nb micro CT samples containint 100ppm
hydrides of 2 phases and one alternative orientation are tested for DHCv and KIH.
Synchrotron XRD
Synchrotron X-ray diffraction at the National Synchrotron Light Source was used to quantify hydride
phases in samples subject to different quench rates as well as upon heating. This was used to confirm the
hydride phases present under test conditions (Fig. 1)
Results and Conclusions
Although DHC testing is not completed, early results have shown different cracking behaviour for
different hydride populations, suggesting bulk hydride stress state influences DHC behaviour. (Fig. 2)
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Fig. 1 – Hydride populations in different quench conditions

Fig. 2 – Isothermal DHC test
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Impact of temperature and irradiation on deformation behavior of
Zirconium alloys
Fei Long
Department of mechanical and materials engineering, Queen’s University
Introduction:
In CANDU reactor, the calandria tube is made from Zircaloy-2 alloy and the pressure
tube is made by Zr-2.5Nb alloy. Desirable strength at high temperatures is required for
Zircaloy-2 alloy so that the calandria tube can hold the fuel channel assembly in accidents
which bring abnormal temperature raises, while impact of high flux neutron irradiation
on the property change of Zr-2.5Nb alloy needs to be understood. In this study,
compression and tensile tests were done on Zircaloy-2 alloy at different temperatures and
Zr-2.5Nb alloy with different irradiation levels respectively. By means of in situ lattice
strain measurement during test, the deformation mode changes have been revealed.

Results:
Cylinder shaped compression specimens along two directions of a rolled Zircaloy-2
plate were tested at different temperatures. It has been shown that the texture formed by
rolling results in different deformation mechanism between the rolling normal direction
(ND) and rolling direction (RD) (Fig. 1). With the increasing of test temperature, the
critical resolved shear stress of the three possible gliding mode decreases differently. This
has resulted in the different deformation behavior of Zircaloy-2. In situ tensile tests were
done with specimens cut un-irradiated and irradiated Zr-2.5Nb pressure tube along axial
and transverse direction. The study shows that irradiation has resulted in significant
strengthening of yield strength in both directions. Furthermore, a deformation mode
change along transverse direction was observed, which provides better understanding of
pressure tube’s in reactor property change.
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Fig. 1 Lattice strain evolution of 100oC compression along ND and RD direction.

Future work:
Dislocation structure characterization by transmission microscopy observation will be
done to further confirm the glide mode of the two kinds of alloys under different
temperature and irradiation state. EPSC (ElastoPlastic Self-Consistent) modeling will be
used for interpretation of the neutron diffraction data and extracting single crystal results.
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Advanced Techniques for the Characterization of Hydrided Zirconium Alloy
Gregory Allen
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Introduction
Zr-2.5Nb pressure tubes used in CANDU nuclear reactors are exposed to a corrosive environment during operation. Ingress of hydrogen into the
zirconium metal can result from corrosion reactions occurring at the interface with the heavy water coolant. Once the local terminal solid solubility
for hydrogen has been exceeded, the brittle zirconium hydride phase (ZrHx) will precipitate. Hydrogen in solution diffuses preferentially to regions
of high tensile stress, such as at stress concentrations [1]. This results in hydrides tending to form at flaws, which can have a very negative influence
on pressure tube performance. When the hydride has grown sufficiently large, and the stress at the flaw is sufficiently high, the hydride will crack.
Once the hydride fractures, it can initiate a slow crack growth process known as delayed hydride cracking (DHC), which is a known failure
mechanism for CANDU pressure tubes. Thus, understanding how hydrides form at flaws and their interaction with applied stress is important for
evaluating currently operating pressure tubes, as well as for avoiding operating conditions that favour hydride formation and DHC initiation. To this
end, four approaches were taken to characterize the properties and behaviour of hydrides formed at stress concentrations in Zr-2.5Nb pressure tube
material.

High Energy Synchrotron X-Ray Diffraction
A series of experiments were performed using high energy
synchrotron X-ray diffraction to map the strains around a stress
concentration where hydrides were grown in-situ. It was found
that the hydride phase was plastically stiffer than the zirconium
matrix, and took a greater proportion of the load up to the point
of failure. Fracture of the hydrides could be resolved based on
the observed shift in the location of peak strain in both phases
(Fig. 1). One sample was subjected to a pre-creep cycle prior to
the experiment, and it was found that this had no noticeable
effect on the fracture load of notch-tip hydrides within the load
intervals used in the experiment.

Figure 1: Strain (loading direction) for the hydride phase before (left) and after
(right) fracture

Finite Element Modeling
A finite element (FE) model was employed to gain additional insight into the effect of hydride precipitation at a flaw. The model was verified
against the synchrotron X-ray strain mapping results (Fig. 2) for samples both with and without hydrides. Reasonably good agreement with the
experimental results was obtained, particularly with respect to the magnitude and shape of the strain curves, but it was found that the most significant
difficulty was the manual assignment of hydride distribution.

In-Situ SEM Imaging and Digital Image Correlation
A series of experiments were performed combining in-situ SEM loading with digital image correlation (DIC) to generate surface strain maps around
a flaw containing large, pre-grown hydrides (Fig. 3). Sufficient resolution was obtained with this technique to identify differences in strain between
regions containing large hydrides, and the surrounding zirconium matrix. Peak hydride strains were found to have good agreement with the
synchrotron X-ray strain mapping experiments.

Neutron Tomography
A series of experiments were performed with the aim of examining the morphology of hydrides at a flaw using neutron tomography. In the end, the
realized spatial resolution was not sufficient to examine the morphology of individual hydrides in detail. However, the technique provided enough
contrast to discern regions of high hydride concentration, and revealed some information about the variation of hydride distribution along the notch
through-thickness (Fig. 4).

Figure 2: Comparison of FE model result
(Zr strain in load direction) with
synchrotron X-ray experiment

Figure 3: DIC strain (load direction)
map around a flaw with large
hydrides present

Figure 4: Region reconstructed by neutron
tomography (left) with a closer look at the
hydride distribution (right)

Conclusions
Several approaches were undertaken to characterize the effect of hydrides precipitated at a flaw in Zr-2.5Nb pressure tube material. Taken as a
whole, they provide new insight into hydride formation and strain field interactions at stress concentrations. The hope is that experimental and
modeling data generated by these studies will eventually lead to more accurate service guidelines, and assist pressure tube manufacturers and reactor
operators in avoiding conditions that favour hydride embrittlement.

1. McRae, G.A., C.E. Coleman, & B.W. Leitch, The first step for delayed hydride cracking in zirconium alloys. Journal of Nuclear Materials, 2010. 396(1): p. 130-143.
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Advanced Techniques for the Characterization of Hydrided Zirconium Alloy
Gregory Allen
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Introduction
Zr-2.5Nb pressure tubes used in CANDU nuclear reactors are exposed to a corrosive environment during operation. Ingress of hydrogen into the
zirconium metal can result from corrosion reactions occurring at the interface with the heavy water coolant. Once the local terminal solid solubility
for hydrogen has been exceeded, the brittle zirconium hydride phase (ZrHx) will precipitate. Hydrogen in solution diffuses preferentially to regions
of high tensile stress, such as at stress concentrations [1]. This results in hydrides tending to form at flaws, which can have a very negative influence
on pressure tube performance. When the hydride has grown sufficiently large, and the stress at the flaw is sufficiently high, the hydride will crack.
Once the hydride fractures, it can initiate a slow crack growth process known as delayed hydride cracking (DHC), which is a known failure
mechanism for CANDU pressure tubes. Thus, understanding how hydrides form at flaws and their interaction with applied stress is important for
evaluating currently operating pressure tubes, as well as for avoiding operating conditions that favour hydride formation and DHC initiation. To this
end, four approaches were taken to characterize the properties and behaviour of hydrides formed at stress concentrations in Zr-2.5Nb pressure tube
material.

High Energy Synchrotron X-Ray Diffraction
A series of experiments were performed using high energy
synchrotron X-ray diffraction to map the strains around a stress
concentration where hydrides were grown in-situ. It was found
that the hydride phase was plastically stiffer than the zirconium
matrix, and took a greater proportion of the load up to the point
of failure. Fracture of the hydrides could be resolved based on
the observed shift in the location of peak strain in both phases
(Fig. 1). One sample was subjected to a pre-creep cycle prior to
the experiment, and it was found that this had no noticeable
effect on the fracture load of notch-tip hydrides within the load
intervals used in the experiment.

Figure 1: Strain (loading direction) for the hydride phase before (left) and after
(right) fracture

Finite Element Modeling
A finite element (FE) model was employed to gain additional insight into the effect of hydride precipitation at a flaw. The model was verified
against the synchrotron X-ray strain mapping results (Fig. 2) for samples both with and without hydrides. Reasonably good agreement with the
experimental results was obtained, particularly with respect to the magnitude and shape of the strain curves, but it was found that the most significant
difficulty was the manual assignment of hydride distribution.

In-Situ SEM Imaging and Digital Image Correlation
A series of experiments were performed combining in-situ SEM loading with digital image correlation (DIC) to generate surface strain maps around
a flaw containing large, pre-grown hydrides (Fig. 3). Sufficient resolution was obtained with this technique to identify differences in strain between
regions containing large hydrides, and the surrounding zirconium matrix. Peak hydride strains were found to have good agreement with the
synchrotron X-ray strain mapping experiments.

Neutron Tomography
A series of experiments were performed with the aim of examining the morphology of hydrides at a flaw using neutron tomography. In the end, the
realized spatial resolution was not sufficient to examine the morphology of individual hydrides in detail. However, the technique provided enough
contrast to discern regions of high hydride concentration, and revealed some information about the variation of hydride distribution along the notch
through-thickness (Fig. 4).

Figure 2: Comparison of FE model result
(Zr strain in load direction) with
synchrotron X-ray experiment

Figure 3: DIC strain (load direction)
map around a flaw with large
hydrides present

Figure 4: Region reconstructed by neutron
tomography (left) with a closer look at the
hydride distribution (right)

Conclusions
Several approaches were undertaken to characterize the effect of hydrides precipitated at a flaw in Zr-2.5Nb pressure tube material. Taken as a
whole, they provide new insight into hydride formation and strain field interactions at stress concentrations. The hope is that experimental and
modeling data generated by these studies will eventually lead to more accurate service guidelines, and assist pressure tube manufacturers and reactor
operators in avoiding conditions that favour hydride embrittlement.

1. McRae, G.A., C.E. Coleman, & B.W. Leitch, The first step for delayed hydride cracking in zirconium alloys. Journal of Nuclear Materials, 2010. 396(1): p. 130-143.
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Multi-scale modeling of deformation in HCP materials: incorporation of twinning and slip based plastic
deformation in a finite element code
Hamidreza Abdolvand
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Introduction
The ability to discretize the total area of interest in a polycrystalline material into smaller sub-divisions has made the Crystal Plasticity Finite
Element (CPFE) approach a powerful method in capturing deformation at multi-scale levels. Inter-granular as well as intra-granular plastic
deformation study could be carried out by this method to rationalize the effects of each on internal stress and texture evolution. Texture, the
distribution of crystallographic orientations in a polycrystalline material, is altered by the plastic deformation that is imposed on the material during a
manufacturing process. Under a static load, slip based plastic deformation normally induces gradual texture evolution. On the other hand, under the
same loading condition, twinning causes abrupt rotation in the lattice of the crystal. In the current study, we have developed a crystal plasticity finite
element code to capture deformation in Hexagonal Close-Packed (HCP) materials considering slip and twinning as the two major deformation modes
[1]. The code is used to simulate deformation of Zircaloy-2, employed mostly in nuclear reactors, and magnesium AZ31 which has extensively been
used to study mechanics of twinning. The results are compared with neutron diffraction in situ tests carried out by Xu et al. [2] and Clausen et al. [3].

Methods and Results
In the first set of simulations, the measured texture (discretized to 1872 orientations) was used as the input to the FE code, assigning the number of
elements of each orientation within the model in proportion to the volume fraction of the orientation. Since the exact place/shape of each grain is not
directly available from a neutron diffraction experiment, elements of various orientations were randomly dispersed in a cubic geometry in the FE
solver. Each element then will be representative of sets of grains with the same orientation. Two dimensional equations that were used by Kumar et al.
[4] are extended in three dimensions and are applied to the model as the boundary conditions. Fig 1-4. show the results of these simulations for
Zircaloy-2 and AZ31. In the second set of simulations, a fundamental study on the effects of the grain-grain interactions on twin initiation and growth
has been started by generating 16 different grains. The mesoscopic behavior of polycrystals is analyzed using Voronoi tessellation in which the
randomness of the microstructure is generated using a Delaunay network from which a random distribution of grains is generated. The same
boundary conditions are imposed at the surfaces of the model. Fig. 5 and 6 shows some of the results of these simulations.
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Conclusions
It is observed that the current code is suitable for modeling Zircaloy-2 and AZ31 capturing average strain-stress curves, lattice (internal grain)
strains, and the development of textures very well in comparison to experimental data. A better prediction of texture evolution is achieved, while
trends on lattice strain development are comparably well captured using this CPFE code in comparison to previously published reports using SC
models. Study of “real grains” shows that different twinning systems could be active at the same time in one grain where the degree of activity of
each twinning system is strongly affected by the orientation of the grain and neighboring grains. It is also observed that the most probable places for
twin initiation are the grain boundary, or more specifically at the intersection of more than two grains.
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Microstructure Design of Dual-Phase Steels for Improved Mechanical Behaviour
Hossein Seyedrezai (rezai@me.queensu.ca)
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Ontario, Canada
January 18, 2010
Introduction
There is a continuing trend in the automotive industry to move towards lighter, more fuel-efficient vehicles. To ensure
competitiveness of ferrous alloys, new grades of Advanced High Strength Steels (AHSS) are being developed with a superior
combination of strength, formability and failure properties. Dual-Phase (DP) steel is the most commonly used AHSS and it comprises
martensite particles distributed in a ferrite matrix. This grade of steel is characterized by its distinct mechanical behaviour of
continuous yielding at low stresses, very high initial work hardening rate and large uniform elongation. These phenomena are
attributed to the inhomogeneous plastic flow due to the strain incompatibility between the hard, non-deforming martensite and the
soft, ductile ferrite. Furthermore, the mechanical behaviour of DP steel is highly dependent upon the size, spatial distribution and
volume fraction of martensite particles as well as the ferrite grain size. The present research is aimed to investigate these effects by
designing various DP steels with significantly different microstructures through heat treatments prior to the inter-critical annealing
step.
Methods and Results
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Figure 1 Engineering stress-strain plots for various DP microstructures

Instantaneous Work Hardening, ninst = dlog/dlog

A DP780 steel (supplied by US Steel Corp.) was subjected to a series of pre-treatments followed by inter-critical (IC) annealing in
the dual-phase region. Two sets of pre-treatments were employed: Quenching and Tempering (QT) and Austempering (AT). For the
QT treatment, 100mm×20mm samples were heated to the single phase austenitic region at 920°C for 30 minutes, quenched to 0°C (i.e.
in an ice plus water mixture), tempered for one hour at either 300°C (QT3) or 600°C (QT6) and then quenched to 0°C again. One of
the specimens was not tempered (QT0). For the austempering pre-treatment, the samples were heated to the austenitic region at 920°C
for 30 minutes, air-cooled to 500°C, held for 20 minutes to produce a fully bainitic structure and finally quenched to 0°C (AT5).
The pre-treated specimens, along with the samples of the as-received cold-rolled material, were then given an inter-critical
annealing treatment of 2 minutes at 720°C followed by quenching to 0°C. The resulting microstructures were examined and quantified
via optical microscopy and SEM. The tempering temperature (in QT specimens) was found to not have a significant effect on the final
microstructure. The martensite particle size increases in the order of QT6+IC < IC only < AT5+IC. In terms of the spatial distribution
of martensite particles, the AT5+IC is the most uniform while QT6+IC is the most non-uniform.
Uniaxial tensile tests were performed and the instantaneous hardening exponents, i.e.
, were calculated.
Figure 1 shows the engineering stress-strain plots while Figure 2 presents the evolution of
with true strain. The UTS of all
samples are within a similar range of ~780MPa. Their respective uniform elongation and work hardening evolution, however, differ
significantly. The IC only material has the highest uniform elongation while this is the lowest for the QT6+IC microstructure. The
difference between the uniform elongations can be related to the spatial distribution of martensite particles as well as their size. Figure
2 shows that similar correlations can be observed in the instantaneous hardening plots. Most importantly, it can be seen that the IC
only microstructure produces the highest work hardening rate that is sustained to higher levels of strain.
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Figure 2 Evolution of instantaneous hardening exponent with true strain
for various DP microstructures.

Conclusion
In addition to the martensite particle size and volume fraction, it was found that under uniaxial tension, the spatial distribution of
martensite particles is another significant microstructural parameter affecting the mechanical behaviour of DP steels. A more uniform
distribution results in higher uniform elongation and work hardening rates.
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Effect of microstructure on retained austenite stability and work hardening of TRIP steel
Jasmine Chiang
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada
Introduction
There has been a lot of recent interest in silicon-containing transformation induced plasticity (TRIP) steels due to
their excellent properties and potential for automotive structural components. TRIP steels exhibit good
crashworthiness and an excellent combination of high strength and formability. Essentially, these properties can
be attributed to the TRIP effect – the transformation of the retained austenite phase in the microstructure to
martensite upon straining. The current work studies two distinct TRIP steel microstructures, i.e. equiaxed versus
lamellar, and how microstructure affects the austenite transformation during uniaxial tensile loading.
Methods and Results
The material was first cold rolled to a thickness of 1 mm. Different heat treatment schedules were employed to
obtain the two microstructures, and the bainite hold times of the treatments were varied to change the volume
fraction of retained austenite. Based on uniaxial tensile response and magnetic saturation measurements, the
bainite hold time of 100 s was determined to produce the best results in terms of strain at the ultimate tensile
strength and volume fraction of retained austenite. The work hardening of the samples with a 100 s bainite hold
was evaluated by calculating the instantaneous n value as a function of strain, which is shown below in Figure 1.
It was found that the lamellar microstructure has a lower maximum instantaneous n value than the equiaxed
microstructure, but has higher work hardening values for strain levels greater than 0.05 and up to the ultimate
tensile strength. This difference in work hardening behaviour corresponds directly to the transformation rate of
retained austenite. The transformation was monitored using magnetic saturation measurements on a series of
interrupted tensile test samples and was plotted as a percentage of transformed retained austenite as a function of
strain, as shown in Figure 2. The slower rate of transformation in the lamellar microstructure allows for work
hardening to persist at high strains where the transformation effect has already been exhausted in the equiaxed
microstructure. The different rates of transformation can be attributed to the location, carbon content, and size of
the retained austenite grains in the respective TRIP microstructures.

Figure 1: Variation in instantaneous n with true strain
for equiaxed and lamellar microstructures with a bainite
hold of 100 s at 450°C

Figure 2: Percentage of initial retained austenite transformed
as a function of strain for equiaxed and lamellar
microstructures with a bainite hold of 100s at 450°C
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Microstructural study of Zirconium Excel alloy to improve in-reactor creep properties
Kazi F. Ahmmed
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada
Synopsis
Pressure tube deformation behavior is an important concern in nuclear industry, which is internally pressurized by the
operating temperature, pressure and fast neutron irradiation. Irradiation creep is the main contributing factor for the pressure tube
deformation process, which causes about 70% of total deformation in service condition. Excel alloy (Zr-3.5Sn-0.8%Mo-0.8%Nb)
provides much better in-reactor creep resistance than the existing pressure tube materials (Zr-2.5 wt% Nb). The primary reasons
for better creep resistance are due to its less dislocation density and alloying elements. However, a proper heat treatment is
required to optimize the strength by manipulating the phase contents. Crystallographic texture in pressure tube induces
anisotropic creep behavior due to anisotropic physical properties of -Zr. A proper optimization of microstructure by heat
treatment could be a possible way to improve this anisotropic creep behavior.
Introduction
In Nuclear industry, Zirconium alloys have been using as pressure tube materials, which meet the critical features of
core environment of nuclear reactor such as sufficient strength, good corrosion resistance and low absorption of precious
neutrons. Subsequent development of this pressure tube material is an important approach for better and long-term performance.
Among all of the quality features of pressure tube, its deformation behavior is the most important due to economical as well as
for safety issue. Creep is one of the most important concerns for pressure tube materials that determine its dimensional stability
during operational condition. Moreover, successive increase of demand of energy also throw a big challenge to the nuclear
researchers to come up with an efficient and durable pressure tube to meet this on going demand. A brief understanding of all the
relevant manufacturing and operating variables could be the effective way to develop a better creep resistive pressure tube
material.
Methods and Results
Several heat treatments were performed within α + β phase region in order to achieve an optimum microstructure which
would provide a better creep properties. A numerous numbers of samples heated up and water quenched from 900, 925, 950
and 1000C based on Zr-Nb phase diagram. A qualitative analysis has been carried out to estimate the phase contents. Further, a
comparison of excel alloy with Zr-2.5 wt% Nb alloy has been carried out to analyze the dislocation density variation as well as
other microstructural variations to understand the reasons for better creep properties.

Fig1. Dislocation density features in Zr-2.5 wt% Nb and Zr-Excel alloy (left to right respectively)

Fig 2.WQ from (left to right) 900, 925 and 950C
Conclusion
A proper heat treatment for optimum proportion of phase contents will be estimated based on the quantitative analysis
of volume fraction of basal plane normals for better in-reactor creep properties. Further, an extensive study will be carried out to
understand the role of precipitation of alloying elements during aging process. Finally, in-reactor creep rate measurements will be
co-related with microstructural observations to suggest a proper fabrication route to improve the irradiation creep.
Reference:
1. B.A. cheadle, R.A. Holt, V. Fidleris, A.R. Causey and V.F. Urbanic, “High strength, creep resistant excel pressure
tubes”.
2. S. A. Aldridge and B.A. Cheadle, “Age hardening of ZR-2.5 wt% Nb slowly cooled from the (α +β) phase field”.
3. R. A. Holt, “Microstructure dependence of irradiation creep and growth of Zirconium alloys”.
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Analysis of tension twinning in Mg alloy AZ31B using
three-dimensional x-ray diffraction
Marta Majkut
majkutm@me.queensu.ca
Department of Mechanical and Materials Engineering, Queen's University

Introduction

Twinning is an important deformation mechanism in hexagonal close packed metals such as magnesium
and its alloys. A critical resolved shear stress (CRSS) approach has been used to predict twinning, however,
the CRSS for twin nucleation is different than that for twin growth and low Schmid factor twins have also
been observed [1]. Two physical explanations are suggested: (i) neighbouring grains must accommodate
the formation of a twin thus the easy slip direction of the neighbouring grain will control which twin
variant forms, and (ii) certain orientation relationships at grain boundaries may be more favourable for
twin nucleation.

Experimental Methods

Through thickness tensile samples were prepared from AZ31B rolled plate such that the normal to the
basal planes was oriented parallel to the direction of applied load. A synchrotron study was performed at
the Advanced Photon Source, Argonne National Laboratory. The sample was loaded in tension in steps up
to 1.5% strain. Each strain step was mapped in-situ using three-dimensional x-ray diffraction (3DXRD).
Diffraction images were analyzed using the Fable framework [2], developed at ID11, ESRF and Risø
National Laboratory, DTU.

Results

Preliminary data analysis yielded the volumes, positions of the centres of mass, and orientations (Fig. 1) of
the grains, as well as the stresses and strains within the grains. The increase in non-basal orientations in
indicative of twin formation.

(a)
Figure 1: Orientations of mapped grains for (a) undeformed and (b) 0.2 % strain

(b)

Future Work

The grain orientations, positions, and volumes obtained from 3DXRD will be used in order to match the
twins with parent grains. Optical microscopy or EBSD will be used to confirm these parent-grain matches.
Twin variant selection will be assessed in terms of the neighbouring grain orientations. Results will also
be used for data and validation in crystal plasticity finite element modelling at Queen's.

References

[1] Beyerlein, I.J., Capolungo, L., Marshall, P.E., McCabe, R.J., Tomé, C.N., Phil. Mag. 90 (2010), 2161-2190.
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Investigation of the Lattice Strain Development of Textured Zircaloy-2 During Cyclic Loading
Megan Swain
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Ontario
Introduction
Zircaloy-2 is the alloy used to make calandria tubes, a critical core component for nuclear reactor devices. During routine reactor
operation the pressurized heavy water coolant flow through the pressure tubes of the reactor can lead to vibrations. These vibrations can
be transferred to other core components including the calandria tubes leading to fatigue of these components. Studying the various
deformation mechanisms present in this material will allow one to better predict the in-reactor behaviour of the material and prevent
excessive deformation and failure in the reactor core due to fatigue. The objective of this research is to use neutron diffraction in order to
look at the lattice strain development of different grain orientations. This will allow one to discover which deformation mechanisms are
being activated in different cyclic loading conditions in textured Zircaloy-2. Twinning of this material will also occur leading to grain reorientation and thus a change in both texture and further lattice strain development. Eventually the effects of different external conditions
on the fatigue behaviour will also be examined.
Experiment
A warm rolled zircaloy-2 plate was produced with a {0002} texture predominately oriented in the normal direction similar to that of the
calandria tubes used in reactor devices. In situ neutron diffraction experiments were conducted on this material at the EnginX beamline at
ISIS in Rutherford Appleton Laboratory, UK. Two sample orientations were tested, stress along TD and stress along RD, and neutron
diffraction data was collected along both RD and TD for each orientation. Each sample underwent 2.5 cycles of loading beginning in
tension about a zero mean stress. In addition fatigue tests were conducted in which stress was applied in each of the 3 principle directions
individually and measured in both the principle and two poisson directions to obtain a complete data set. These fatigue tests cycled
between a macroscopic strain of +/- 0.7% and were measured using a stroboscopic neutron diffraction technique. Diffraction data was
then fitted using GSAS software[1] and the lattice strain data was extracted.
Results
Figures 1 and 2 show some typical stress-lattice strain curves that resulted from the neutron diffraction experiments. The main feature of
interest in Figure 1 is the abrupt change in the {0002} lattice strain due to the {10-12}<10-11> tensile twinning that occurs in TD after an
applied tensile stress of 345MPa. Figure 2 features the first compressive cycle of loading after the initial tensile loading and includes data
from Xu[2] showing compression in this orientation without initial tension. A significant difference in the {0002} lattice strain exists due
to the initial tensile stress of the sample. Initial tensile loading in TD put {0002} grains oriented in ND in a compressive state reducing or
eliminating entirely the residual tensile stress due to fabrication, thus during compressive loading in TD (tensile loading in ND) a smaller
tensile stress is experienced by this crystallographic orientation and the distinctive appearance of twinning is not seen.
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Figure 1: Lattice strain curve for tension along TD measured
along TD.
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Figure 2: Lattice strain curve for compression along TD
measured along TD after an initial tensile cycle including a
0002-c curve showing compression with initial tension in the
{0002} direction.

Conclusions and Future Work
Many of the deformation mechanisms at work have been identified though the examination of the various lattice strains. In addition the
effect of an initial tensile stress on the compressive lattice strain behaviour has been studied and compared with purely compressive tests
preformed on the same material. The effect of additional cyclic loading in the form of fatigue on the lattice strain development of this
material is currently being investigated. In addition the effects of different external conditions on the fatigue properties of Zircaloy-2 will
be investigated by testing microCT samples in different environments including air, water and carbon dioxide at 80°C to simulate inreactor conditions.
References
[1] A.C. Larson and R.B. Von Dreele, "General Structure Analysis System (GSAS)", Los Alamos National Laboratory Report LAUR 86-748 (1994).
[2] Xu, F., Holt, R.A., Daymond, M.R., Rogge, R.B., and Oliver, E.C., Materials Science and Engineering: A 488 (2008) 172.
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Effect of Loading Profile on Lattice Strain Measurement by Neutron Diffraction
Travis Skippon
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada

Introduction
Zirconium alloys are extremely important to the nuclear power industry because of their mechanical properties, corrosion resistance and
low neutron absorption cross section. Effectively modeling the plasticity of such alloys is an important component of being able to describe their
failure characteristics. Neutron diffraction experiments have been used to conduct in situ measurements of lattice strains during loading in a wide
variety of materials, including zirconium alloys. By fitting the predictions of crystal plasticity models to the results of such experiments,
observations about the operating deformation modes can be made (1). Due to the relatively long measurement time of such experiments (usually on
the order of several minutes per data point) an incremental loading profile is generally used. Recently, questions have been posed about the
sensitivity of such experiments to both loading rate, and the means used to control loading.

Experiment
A series of uniaxial compression tests were carried out on samples of highly textured Zircaloy-2 at the Los Alamos Neutron Science
Center. Five different tests were carried out, using two different loading directions, for a total of ten experiments. Three of the tests used different
variables as feedback to control the compression of the sample incrementally; strain, load, and actuator arm position were each used for this purpose.
Care was taken to ensure that each of these tests was performed in approximately the same amount of time in order to minimize effects caused by the
rate of loading. The fourth and fifth tests were carried out at a constant strain rate, meaning that loading happened continuously instead of
incrementally. One of these tests was performed at the time averaged strain rate of the first three tests, while the other was done at a rate
approximately four times slower, in order to observe any rate sensitivity effects.
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Figure 1: Stress strain curves of two samples loaded in the
rolling direction. The strain controlled sample is shown in blue
and the stress controlled sample in red.

Figure 2: 0002 Lattice strain curves corresponding to the tests
shown in Figure 1.

Preliminary Results and Future Work
Stress and strain data were recorded for each test in order to compare the loading profiles, an example of which can be seen in Figure
1.Single peak refinement was performed on the neutron diffraction data to produce lattice strain curves such as the ones shown in Figure2. By
analyzing these lattice curves it is hoped that any differences brought on by different methods of controlling the loading process can be studied. The
highly textured nature of the samples will allow the effects on twinning to be observed, since tensile twinning occurs very easily in the normal
direction, with a negligible amount occurring in the rolling direction. The overall goal of this project is to quantify any differences in the lattice
strain curves so that researchers will be able to account for such effects when comparing data sets obtained from experiments using different
mechanisms to control loading.
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TEM study of Microstructural Evolution in Proton Irradiated Zr-4.5 Hf Alloy
Yasir Idrees
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, ON, Canada
Introduction and background
Radiation induced damage has dramatic and deleterious effects on the properties of Zr-alloy core components in nuclear reactors
during service. Dimensions of this material change at constant volume during irradiation in the absence of an applied stress which
has been studied for over a decade. Buckley [l] reported in 1962 that zirconium single crystals expands along the a-axis direction
and contracts along the c-axis direction under irradiation. It proposed that stresses from the thermal spike could overcome the
anisotropy of dislocation loop energy and force vacancies and interstitials to condense on different crystal planes, producing a shape
change. Buckley’s model predicts elongation along the a-axis direction due to interstitial loops on prism planes, and contraction
along the c-axis direction due to vacancy loops on the basal planes. Later on many authors [2-4] showed it to be consistent with
their results on textured polycrystalline Zircaloy-2. Damage structure, as revealed by transmission electron microscopy (TEM) was
consistent with his hypothesis. Nature of the radiation damage in Zr-alloys which is particularly relevant to in reactor deformation is
dependent on many factors which includes, dose, dose rate, temperature, impurity contents, stress and nature of radiations.The aim
of current work is to study the evolution of the microstructure due to protons induced damage in Zr-alloys using transmission
electron microscope (TEM). Microstructural characterization, using TEM, is imperative because it underpins the mechanistic
understanding of the radiation induced microstructural features, which is essential for predicting materials properties at higher
doses. Different imaging techniques to characterize radiation damage are also explained in detail.
Experiment and Results
Radiation damage was studies in Zr-4.5% Hf. Proton irradiation was performed using a 4.5 MeV tandem accelerator at University
of Montreal to induce 0.2 dpa (fluence > 1022/m2) in the sample at 573 K. Thin foils of irradiated material were analyzed in Philips
CM 200 electron microscope operating at 200KV. High density of irradiation induced defects was observed in the material
irradiated upto 0.2 dpa. Fig. 1 a and b show an area before and after irradiation with the same diffracting condition operating in both
cases. The large black features are believed to be hydrides precipitated during the elctro-polishing of the thin foils. Small black dots
were analyzed with different diffraction conditions. They are all a–type dislocation loops with burger vector
. Size of
these dislocation loops was not large enough to characterize the nature of these defects whether vacancy or interstitial. When the
foil was heated in the TEM hot stage at 773 K for 50 minutes the dislocation loops were observed to grow. The surface condition
was greatly improved and large well defined dislocation loops were formed as shown in fig 1. c and d.. Both elliptical and round
shaped loops were observed.

Fig. 1. a Un-irradiated Zr-4.5 Hf, b. Proton irradiated to 0.2 dpa at 573 K, c&d. Thin foil heated to 773 K for 50 minutes in TEM after
irradiation. Scale bar length is 100nm. Diffraction vector for each micrograph is 01-11.

Conclusion and Future Work
Proton irradiation induces a high density of damage in the Zr in the form of dislocation loops. At the low fluences a-type dislocation
loops with burgers vector
are nucleated on prism planes which grow at higher temperatures. Proton irradiation has
been performed on pure Zr and Zircaloy-2 at the same energy but difference dose levels to study and understand the microstructural
evolution.
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