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Biomechanics of Head Carriage in West Africa 
Erica Beaucage-Gauvreau 

Department of Materials and Mechanical Engineering, Queen’s University, Kingston, Canada 
 

Introduction 
Women in Benin commonly participate in agricultural and commercial chores that require vigorous physical 
work involving heavy loads carried on the head and back. These demanding tasks combined with pregnancy can 
result in back pain that may persist after delivery in some cases1,2.  There are no official statistics on the subject 
in Benin but back pain related to pregnancy has been documented in other African countries1. The primary 
objectives of this study were to collect data about the daily occupational biomechanics of pregnant women and 
to examine how these activities influence trunk postures with a specific focus on the head carriage task.  
Methods  
Information about the number of trunk flexion/extension cycles as well as the magnitude of the flexion was 
gathered for several hours during the workdays of 17 pregnant women using a Virtual Corset (MicroStrain, 
Williston, VT, USA).  This device is an inclinometer system combined to a miniature datalogger and can 
monitor the trunk movements in two directions (flexion and lateral bending). The Virtual Corset was also used 
to collect trunk postural data during the specific task of carrying loads on the head.   Twenty-six (26) pregnant 
and 25 non-pregnant women were instrumented with two devices at the sacrum and C7 levels, respectively, and 
asked to lift and carry on their head a load corresponding to approximately 20% of their body weight. Sagittal 
neck and three-dimensional lumbar spinal motions were also recorded during the head carriage and walking 
trials.  The two subject groups also walked without any load on their head to compare the trunk postures 
between the loaded and unloaded conditions. For the Virtual Corset at C7 level, the maximum angles during the 
pick-up and put down of the load as well as the mean trunk angles and the standard variations during the 
walking portions of the six trials were compared between the pregnant and non-pregnant subject groups using a 
mixed-design ANOVA.   
Preliminary Results and Conclusion 
 

 
 
 
A higher percentage of pregnant women experienced back pain in the six months prior to the study based on the 
Oswestry questionnaire filled out by the subjects. Load on the head had a significant main effect on the trunk 
angles (p<.001) measured at C7 while pregnancy did not have a significant effect on those angles (Figure 2). 
The maximum flexion angles for the pick-up and put-down of the load at C7 were very similar between the two 
subject groups (Figure 3).  Analysis of the data collected for this study is still in progress and more results are to 
follow to provide more information about the biomechanics of head carriage for women in West Africa as well 
as their daily activities. 
References 
1. Worku, Z., Prevalence of Low-Back Pain in Lesotho Mothers, JManipulative and Physiological Therapeutics, 23 (2003) 147-154. 

2. Poole, J.L., Body mechanics during daily tasks to reduce back pain in women who are pregnant, Work, 10 (1998) 157-166. 
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Figure 1. Trunk angles  recorded  for one subject 
for one walking trial with and without load. 

 

Figure  2.  Mean  trunk  angles  for  the  walking 
portion of the trials with and without  load on the 
head for pregnant and non‐pregnant subjects. 

 

Figure 3. Mean maximum trunk flexion angles for 
the  lift  and  put  down  of  the  load  for  pregnant 
and non‐pregnant subjects. 

 



Adenosine Triphosphate (ATP) Stimulation of Tissue Engineered Cartilage 
Jenna Usprech  

Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada 
 

 

Introduction 
Damaged articular cartilage is very difficult to repair because of the limited intrinsic healing potential of the tissue and the shortcomings of current 
treatments.  Engineering cartilage in vitro holds great promise for developing tissue that could repair damaged articular cartilage and restore joint 
function. However, one of the problems associated with cartilaginous tissue formed in vitro is that the tissue created has poor mechanical properties 
in comparison to native tissue. This is due to the present inability of the cells (chondrocytes) to accumulate adequate amounts of extracellular matrix 
(ECM) [1]. Mechanical stimulation of tissue engineered cartilage has been used in many studies to upregulate ECM synthesis and improve 
mechanical properties of the developed tissue [2]. There is substantial evidence to suggest that the mechanotransduction signaling cascade is initiated 
by a rapid release of adenosine 5’-triphosphate (ATP) from the cells (purinergic receptor pathway) [3]. We hypothesized that the addition of ATP to 
tissue engineered cartilage cultures would mediate a similar response to that obtained with mechanical stimulation. Thus, the purpose of this study 
was to investigate the effect of exogenous ATP supplementation on the biochemical and mechanical properties of tissue engineered cartilage. 
 

Methods  
Tissue Development: Primary bovine articular chondrocytes were seeded on collagen- II coated MilliporeTM filters (25,000 cells/mm2), incubated at 
37°C and 5% CO2, and grown in the presence (or absence) of ATP (250, 62.5 or 0 µM) for a period of four weeks. ECM synthesis: Harvested 
cultures were incubated in the presence of [3H]proline and [35S]sulphate for 24 hours and then digested by papain for 48 hours at 65°C. Radioisotope 
incorporation in the digest was then quantified using a β scintillation counter. ECM accumulation: Harvested cultures were digested by papain and 
then assayed for proteoglycan, collagen and DNA contents [2]. Thickness and Mechanical Properties: A needle probe method. was used to measure 
tissue thickness [4] by displacing a 25 Ga. needle, attached to a 1 kg load cell of a Mach-1 mechanical tester, into the tissue at a rate of 5 mm/s. 
Abrupt changes in force were interpreted as needle contact with the tissue and the underlying support surface to determine the tissue thickness. 
Compressive stiffness was then determined by uniaxial, unconfined indentation tests with a plane-ended indenter attached to the Mach-1 mechanical 
tester. Tissues were preloaded to 5 mN and then step compressions of 2% strain were applied to a maximum of 20% strain. Equilibrium modulus was 
determined at 20% strain using the expression derived by Hayes et al. for indentation testing of cartilage [5]. Gene Expression: Semi-quantitative 
gene expression levels for 10 matrix turnover genes were determined by densitometry of PCR-product agarose gels visualized using ethidium 
bromide staining detected under UV light. All expression values were normalized to 18s ribosomal RNA (housekeeping gene) expression. 

 

Discussion and Conclusions  
ATP doped cultures had collagen, GAG and water contents comparable to that of native cartilage tissue [1].  Similarly, the cartilage produced was 
thicker and stiffer, which helped to improve its mechanical properties. Despite these promising results, there is a need to determine the optimal dose 
of ATP for growth and maturation of the tissue, without introducing a catabolic response (characterized by increased MMP-13 expression).  More 
study on the mechanism by which ATP elicits these changes is also vital. This study demonstrates that by harnessing the molecular pathways 
involved in the mechanotransduction cascade, the anabolic effects of mechanical stimuli can be achieved in the absence of externally applied forces.  
References 
[1] Waldman et al. (2002) JBMR 62:323-330; [2] Waldman et al. (2003) JOR 21:590-596; [3] Graff et al. (2000) Arthritis Rheum 43:1571-1579 [4] Hoch et al. (1983) 
JOR 1:4-12 [5] Hayes et al. (1972) J Biomech 5:541-551.  
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Figure 1:  Effect of long-term ATP stimulation on collagen and proteoglycan (GAG)synthesis (A) and accumulation (B) 
expressed as the mean ± standard error of the mean (n=8 for all groups). * denotes a significance difference (p<0.05) 
 

 
 
 

Table 1:  Cartilaginous Tissue Formation and Properties 
  Control 

(n=8) 
62.5 µM 
ATP 
 (n=8) 

250 µM 
ATP 
(n=8) 

Water Content [%] 86 ± 1* 70 ± 1 72 ± 1 
Thickness [µm] 230 ± 5* 354 ± 36 346 ± 8 
DNA [µg] 3.7 ± 0.3* 6 ± 1 4.5 ± 0.4 
Collagen:GAG Ratio 1.3 ± 0.3* 1.7 ± 0.3 1.8 ± 0.2 
Indentation Modulus 
[kPa] 

54 ± 13* 352 ± 79 277 ± 64 

Data presented as mean ± standard error  
*Significantly different from all other groups (p<0.05) 

Results  
As shown in Figure 1A, ATP 
stimulation significantly 
affected ECM synthesis in a 
dose-dependent manner.   The 
synthesis of collagen and 
proteoglycans appeared to be 
similarly affected by ATP 
supplementation.  ATP 
stimulation resulted in a 
significant increase in 
collagen and proteoglycans 
compared to the unstimulated 
controls (independent of dose) 
(Figure 1B). The effect on 
collagen accumulation (with 
respect to proteoglycan 
accumulation) also resulted in 
an associated increase in the 
collagen-to-GAG ratio by 30-
40% (Table 1).   Mechanical 
properties of the tissue were 
significantly improved with 
ATP addition (Table 1).  Of 
the genes investigated, MMP-
13 was the only gene to be 
differentially expressed, with a 
significant increase in 
expression for the 250 µM 
ATP condition (Figure 2).  

Figure 2:  Gene expression of matrix turnover genes (mean ± standard error of the mean; n=4 for all groups) * denotes a 
significance difference (p<0.05) 
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Direct Numerical Simulation of Flow and Mass Transfer in Spacer-Filled Channels 
Alireza Mahdavifar 

Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada 
 
Synopsis 

    In the present study, direct numerical simulation was performed for flow in channels with a periodic array of cylindrical spacers at Reynolds 
number of nominal value Re = 3200 based on hydraulic diameter of the channel. Quantitative statistical characteristics including frequency spectra of 
flow fluctuations, as well as wall shear stresses and pressure drop are obtained. Pressure drop, which is related to the energy expenditure in 
membrane operations, has been computed and found that depends on spacer location. The results show that shear stress have maxima significantly 
higher than those corresponding to empty channels. Moreover mass transfer through the membrane walls is investigated. 
 
Introduction 
    Membrane modules are widely used for separation and filtration process in applications such as desalination, water treatment and reclamation, in 
the dairy industry and for product recovery in the pharmaceutical industry. In the flow channels of membrane modules, cylindrical spacers are 
employed to keep the walls apart and to enhance mass transfer through the walls by promoting mixing and turbulence in the flow. The spacers 
orientation and geometrical characteristics maybe highly variable. In all cases, the pressure loss along the membrane elements is high and therefore 
increases the operational cost. Some researchers have employed numerical analysis to understand and improve membrane performance; however 
many of the previous works were limited to two-dimensional simulations and/or low Reynolds numbers where the flow regime is laminar [1-3]. This 
work is aimed at obtaining a better understanding of transport phenomena and flow structures in membrane elements at relatively higher Reynolds 
number. 
Methods and Results 
To model a spacer-filled channel array, we consider cylinders with axes oriented normal to 
the flow direction. Due to the presence of spacers, flow entrance length in the channel is 
short and flow becomes fully developed in a smaller distance from inlet. A ‘unit cell’ with 
periodic boundary condition in flow direction and cyclic boundary condition in spanwise 
direction was employed to study the effect of spacers. Navier-Stokes and Mass transfer 
equations are solved with proper temporal and spacial resolution which is required for a 
direct numerical simulation. Simulations were performed using the open source CFD code, 
OpenFOAM. The code was modified to be able to handle periodic geometries and carry out 
scalar transport calculations. The domain was tessellated with a non-uniform unstructured 
mesh in order to avoid any unnecessary increase in the number of grid points. 
Comprehensive grid independence studies verified that mesh resolution was sufficiently 
fine. The flows that result from orienting the spacers at different locations from and directly 
on the enclosing channel walls are interrogated. It is clear from the results obtained that 
spacers contribute significantly to the production of turbulence. That is, the velocity 
frequency spectra (Figure 1) display frequencies associated with vortex shedding (Figure 2), 
as well as a -5/3 inertial range; the wall shear stresses display significant variation and the 
pressure drops are dependent upon the spacer placement. We investigate the development 
and separation of boundary layers and vortex formation (through the use of the “Q-value”, 
Figure 3). These flow field characteristics a

Figure 1 Velocity frequency spectra 

re important as they relate to mass transfer 
effectiveness. 
Conclusions                                                                                                              
Direct numerical simulations of the flow in spacer-filled channels have been carried out at 
Re = 3200 based on hydraulic diameter of the channel which is in the range of Reynolds 
numbers characteristic of the operation of actual membrane elements. Results show a 
considerable turbulent effect in spacer-filled channel compared to an empty channel; this 
observation is in agreement with the common belief that spacers induce flow instability. It 
must be emphasized here that such a clear demonstration of flow instability does not exist in 
previous studies related to spacer optimization. Moreover, the detailed features of 
recirculation zones and their transient behavior are elucidated. The implications of the 
existence of such regions on concentration polarization, fouling and scaling may be quite 
important. Pressure drop tends to decrease as spacer filament approaches the wall. Pressure 
drop for a spacer on the wall in higher than a spacer close to the wall. Local time averaged 
wall shear stresses have been also obtained. The distribution of shear stresses is fairly non-
uniform because the spacer filaments create constrictions to the flow path. The implications 
of such non-uniform shear regions on fouling and scaling may be also very important. The 
results obtained on wall shear stre

Figure 3 Instantaneous velocity contours

ss and pressure drop can provide input to developing 
antitative criteria for the optimization of spacer geometrical characteristics. qu

 Figure 2 Isosurface of Q-value 
References 
[1] J. Schwinge, D. E. Wiley, and F. Fletcher, Simulation of unsteady flow and vortex shedding for narrow spacer-filled channels, Industrial and Engineering Chem
Research 42, 2003, pp. 4962-4977 
[2] M. Shakaib, S. M. Hasani, and M. Mahmood, Study on the effects of sp

istry 

rical simulation of flow in spacer-filled channels: Effect of spacer geometrical characteristics, 
JOURNAL OF MEMBRANE SCIENCE 291, 2007, pp. pp. 53-69 

acer geometry in membrane feed channels using three-dimensional computational flow 
modeling, JOURNAL OF MEMBRANE SCIENCE 297, 2007, pp. 74-89 
[3] C. P. Koutsou, S. G. Yiantsios, and A. J. Karabelas, Direct nume



Modeling of a Vertical Single Borehole Solar Assisted Ground‐Source 
Heat Pump System for Residential Applications 

Ayon Shahed 
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Ontario 

 

Background and Motivation 
Ground source heat pump (GSHP) systems are commercially available in a variety of arrangements to be 

used  in  the  heating  and  cooling  of  buildings.  A  major  concern  of  such  systems  is  the  long  term  operational 
consequence  of  decreasing  ground  temperatures,  which  can  result  in  low  system  performance.  It  has  been 
proposed  that  solar  assisted  ground‐source  heat  pumps  (SAGSHP)  can  be  used  to  improve  performance  and 
significantly reduce heating and cooling loads. These systems utilize solar radiation as a thermal input to offset the 
heat extraction by the heat pump. This accommodates potentially unbalanced annual loads that often exist under 
certain climatic or load conditions, maintaining the ground‐source temperature and providing an additional source 
of energy during periods of high load [1]. In addition, it may be possible for these systems to store energy in the 
ground  over  the  summer  months,  when  heating  loads  are  minimal  and  to  retrieve  this  energy  in  the  winter 
months, when higher loads occur. 
 

Due  to  the  lack of performance data however,  it  is unclear how these systems vary  from an optimal design. As 
such, they are difficult to efficiently design since the effects of some variables are not well understood.  A number 
of studies have investigated the application of SAGSHPs in community based or commercial applications in which 
borehole  arrays  are  used  in  conjunction with  large  collector  arrays.  Applying  this  concept  to  single  residential 
homes for heating and cooling however, has not been analyzed. If properly configured, this combination has the 
potential to provide considerable energy savings and utility peak‐load reduction when compared to conventional 
heating and cooling systems.   
 

Objective and Methodology 
This  study  aims  to  investigate  the  thermal 

performance  of  a  vertical  single  borehole  SAGSHP 
system,  shown  in  Figure  1,  applied  to  various 
Canadian residential loads. There are three principle 
objectives within this study. The first objective is to 
develop  a  computer model  of  a  residentially  sized 
SAGSHP  system  in  order  to  simulate  performance 
data. The model is currently being developed using 
the  transient  energy  simulation  software  package 
TRNSYS [2]. 
 

The  second  objective  is  to  perform  a  parametric 
analysis to better understand the impact of system 
variables. Borehole length, grout material and collector size are examples of some of the parameters that will be 
investigated. The third objective of  this study  is  to assess  the effects of climatic and geological variables on the 
technical  and  economical  viability  of  SAGSHPs.  This  will  be  investigated  by  examining  the  simulation  data  of 
identical system configurations for various Canadian climates. 
 

Project Status and Future Work 
A preliminary  review  into  the work  regarding GSHP and  SAGSHP  systems has been  completed  and was 

published earlier this year at the 2009 Solar Buildings Research Network (SBRN) Conference. The TRNSYS model is 
expected to be completed by early December at which point the parametric analysis will begin. Beyond the scope 
of this work, a SAGSHP will be instrumented and operated at the St. Lawrence Energy House in order to compare 
experimental data to the findings of the this study. This project is part of a broader goal supported by the SBRN 
and NSERC which aims to develop design guidelines and recommendations for SAGSHP systems. 
 

[1]  Bernier,  M.A.,  “Closed‐Loop  Ground‐Coupled  Heat  Pump  Systems”,  ASHRAE  Journal  (sustainability 
supplement), Vol. 48, no.9, pp. 12‐19, 2006 
[2] TRNSYS, Transient Simulation Software Package, University of Wisconsin, Madison, Wisconsin, USA, 2006. 

Figure 1 ‐ Simplified schematic of a vertically configured SAGSHP 
system 



Grid requirements for largeeddy simulations of passive scalar transport at high Prandtl numbers
Carlo Scalo

Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada
Synopsis
    We looked at a classic heat transfer problem in a turbulent channel flow in order to establish the grid requirements for largeeddy simulations 
(LES) of passive scalar transport at high Prandtl numbers. The case of a fully developed channel flow at Rewith uniform heat flux on the walls 
(see Figure 1) is considered. Four different Prandtl numbers were tested, Pr = 10, 50, 100 and 300, and for each of these Prandtl numbers the grid size 
was gradually increased from 643 to 1923. Grid convergence of mean temperature profiles is reached first. The intensity of the temperature 
fluctuations, however, is systematically reduced by the grid refinements, in all cases, but only in the nearwall region. Profiles of turbulent heat flux 
reach grid convergence for  intermediate grids. At the present Reynolds number the diffusivetoviscous sublayer thickness ratio shows to be Pr−1/3 

[1]. The visualization of the instantaneous temperature and velocity structures reveal a very interesting type of correlation.
Introduction
A high Prandtl number temperature field is characterized by a reduced ability to diffuse, in 
the molecular sense. The temperature field is primarily transported by turbulent motions 
which are characterized by the so called 'turbulent cascade': the effect of turbulent velocity 
fluctuations is to 'tear apart' and strain temperature structures, making them progressively 
smaller   to   the  point   that  diffusive  effects  can  ultimately  dissipate   them.  The  more   the 
diffusivity of  the  temperature field  is reduced,   the smaller  the structures created by the 
cascade process have to be in order for them to be dissipated, thus, to disappear. Extremely 
high Prandtl numbers create extremely small structures that raise resolution issues. We are 
forced  to  model   the physics  of   such not   resolvable  scales   (subgrid scales)  and  to   test 
whether such modelling procedure produces acceptable results and with what cost. The non 
resolvable   scales   are   filtered  out   from  the  governing  equations,   the   remainder  of   such 
operation requires modeling. The motivation for such work lies in the need to study oxygen 
dispersion dynamics in water bodies: for this problem, the diffusion coefficient is 300500 
times smaller than the viscosity.
Methods and Results

The filtered governing equations are solved using the plane averaged dynamic eddy viscosity model to calculate the subgrid stresses. The same 
procedure is used for the passive scalar.  The numerical model for the velocity field used is a wellvalidated finite difference parallelized code [1], 
based on a staggered grid. Secondorder central differences are used for both convective and diffusive terms. The time advancement scheme adopted 
for all terms is a 3rd order RungeKutta method; within every substep a central time collocation with the CrankNicholson scheme is used only for 
the wall normal diffusive term. The solution of the Poisson equation is obtained by means of a Fourier transform of the equation in the spanwise  
direction, followed by a direct solution of the resulting matrix, at each wavenumber, 
by cyclic reduction. 
The results show very low sensitivity of the mean profiles to the grid refinement; the 
maximum change  caused  by   the  grid   refinements   is  within  2% of   the  centreline 
(maximum) value for all cases. Provided that the grid is stretched enough in the near 
wall region, correct mean profiles are captured within reasonable error even on the 
coarsest grid.
The value of the temperature rms peak at Pr=300 is approximately 7% higher than in 
the Pr=10 case, for a fixed number of points and moves away from the wall as the 
mesh size is increased. While the rms fluctuations are not expected to reach a grid
independent state (except in the DNS limit),   they should approach the DNS value 
from below.   The fact that grid refinement reduces the fluctuation levels (an effect 
that is often observed, in LES, when the streamwise velocity rms is compared to DNS 
data)  indicates   that resolution and modelling errors are  affecting the shape of   the 
resolved spectrum.  Note that the region where grid independence is not observed is 
less   than  1% of   the  channel  halfwidth;  Profiles  of   the   turbulent  heat   flux   reach 
convergence when 963  grid points are used. In the worst case (at Pr=300) the spread 
between the results obtained with the 963 and 1923 grids is less than 2% of the total 
flux. 
At the channel's centreline quasiisotropic structures can be observed in the velocity fluctuations, and the turbulent velocity structures are unchanged 
for 1283 grid points or more. The structures of the temperature field seem to be adequately resolved by the 1283 grid at Pr=10, while at Pr=300 finer 
structures are still emerging on the finest grid used.  Similar considerations can be made when examining the contours in the nearwall region. 

Conclusions
We performed a gridrefinement study in largeeddy simulations (LES) of heat transfer problem at high Prandtl numbers in turbulent channel flow. 
Mean temperature profiles converge immediately on the coarsest grid and for all Prandtl numbers. Rootmean square fluctuation profiles reveal a  
certain  degree of   sensitivity   to   the grid   refinements  only  in   the near  wall   region,  due   to   the  wider   range  of   scales   in   the   temperature   field. 
Convergence of the turbulent heat flux profiles is reached on intermediate grids. Instantaneous visualizations of the passive scalar field highlight the 
wider range of scales present at high Prandtl numbers; a certain degree of correlation that could explain the fast convergence of low order statistics is 
observed. The findings of such study are crucial in defining the reliability of the oxygen transport simulations that are currently a work in progress. 
References
[1] J.G. Knudsen and D.L. Katz. Fluid dynamics and  heat transfer. McGrawHill, New York., 1958.
[2] A. Keating, U. Piomelli, K.Bremhorst, and  S. Nevsic. Largeeddy simulation of heat transfer downstream of a backwardfacing step. J. Turbulence  5(20):127, 
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Figure 1 Schematic of heat transfer problem in a turbulent 
channel

Figure 2 Contours of temperature  fluctuations for grid sizes 643 

and 1923 at y/  = 0.015 (y+=6)



Microstructural Modelling of a Solid Oxide Fuel Cell Electrode 
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Introduction 

In order to attain significant performance from a solid oxide fuel cell (SOFC), the anode and cathode of the cell must be able to 
effectively transport mass, ions and electrons.  A computer model of a sample electrode microstructure is created to explore the 
effects of porosity, composition, particle size, etc. on mass and charge transport.  Pore size characteristics are an important factor 
in determining mass transport behaviour.  A program to measure pore size distribution, average pore size and local pore sizes of 
a model electrode geometry is presented. 

Background 

SOFCs are differentiated from other fuel cells by the solid oxide ceramic used for an electrolyte.  The most commonly used 
electrolyte is yttria-stabilized zirconia (YSZ) due to its high ion conductivity, low electron conductivity and its ability to be formed 
into a thin, strong film with no leaks.  A simple schematic of an SOFC is illustrated in Figure 1.  Nickel and lanthanum strontium 
manganite (LSM) are two of the more common anode and cathode materials, respectively, and are the materials used in this 
model.  State-of-the-art SOFCs use Ni-YSZ and LSM-YSZ composite electrodes to increase the number of triple phase boundary 
(TPB) sites within the cell.   Figure 2 depicts a scanning electron microscope image of an LSM-YSZ composite cathode.   

 
Figure 1 - Schematic of an SOFC [1]                            Figure 2 - SEM of an LSM/YSZ cathode [2]        Figure 3 – Computer generated model of cathode [2] 

Method and Results 

To create a model of an electrode, a code has been written in the C programming language.  In the code, spherical particles are 
dropped into a domain and are allowed to overlap slightly to simulate sintering and to allow TPB sites.  Inputs to the code include 
porosity, composition, average particle size, particle size standard deviation and domain size.  Figure 3 is a computer generated 
model of an LSM-YSZ cathode using the C code.  Another code written in C is used to take pore size measurements of the 
electrode geometry.  The measurements have been taken both randomly and in structured evenly spaced intervals in all three 
dimensions.  Figure 4 depicts a histogram of 1 million random pore size samples of a model cathode geometry.  The mass 
diffusivity transport coefficient can be determined for a sample geometry by applying the potential equation ( ) to 
the pore phase.  The CFD program OpenFOAM is used for this and the pore phase potential field is illustrated in Figure 5. 

 
Figure 4 - Pore size distribution of a typical electrode             Figure 5 - Potential field through cathode pore space [2] 

Future Work 

In the future, more characteristics of the geometry model are to be investigated including electron and ion conductivity, 
permeability and heat transfer. 

Reference 

[1] High Temperature Solid Oxide Fuel Cells, Singhal and Kendall.  [2] Effective Transport Coefficients for Porous Microstructures in Solid Oxide 
Fuel Cells, Choi. 
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The Numerical and Physical Modeling of the Swirl Flow Interactions of Closely Spaced Passive Check 
Valves in a Novel Uniflow-Scavenged Two-Stroke Engine 

Iain Kyle Fraser 
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada 

 
Introduction/Synopsis 
Historically two-stroke engines have produced higher emissions in comparison to four-stroke engines of comparable displacement 
[1].  This is due to fuel short-circuiting into the exhaust system which is a problem inherent with crankcase scavenging.  Modern 
two stroke engine designs have addressed this problem by using an external air blower and direct fuel injection. To assist the 
scavenging process some of these types of engines now forgo the inherent simplicity of a two stroke by instituting some form of 
valve train.  A two stroke engine is currently under development in the Combustion Lab where a novel induction system is under 
development. Replacing the typical induction system of this engine with a series of check valves and implementing direct fuel 
injection results in a robust design with lower emissions.  We are currently redesigning the intake system so that more of the 
combustion products can be scavenged out of the cylinder.  The current project investigates if swirl, both on a scale of the cylinder 
and each individual valve, could increase the scavenging efficiency[2].  The objective of this project is to investigate the effects of 
swirl on the scavenging efficiency.  The length scale of the swirl will be varied from the size of the cylinder to the smaller valve 
scale. 
 
Methods and Results 
The commercial computational fluid dynamics code ANSYS Fluent 6.3 (henceforth referred to as Fluent) is used to numerically 
model the in-cylinder flow in order to predict the scavenging and delivery ratio to compare to the original engine.  Fluent (in 
conjunction with a user defined function “UDF”) was utilized to model the movement of the platelets in the valve bodies to 
determine their theoretical closing and opening times.  The purpose of the CFD was to see how well the new check-valve 
arrangements can introduce swirl, and to measure how fast the valves close and open.  Different configurations of the valve design 
were used to see if swirl on the scale of the full chamber or on the individual scale of the valves would be more effective in 
removing the exhaust gases.  
 

 
A physical model of the engine, shown in the photograph[2] and corresponding schematic above, was also used to experimentally 
measure the valve closing and opening times using a high speed camera to view the full valve travel.  The current check valve 
design implements a washer shaped platelet that was shown to have promise from the CFD simulations.  The measured valve 
closing times compared fairly well with the predicted times from CFD.  In the physical model, different valve platelet sizes, 
masses, and crank speeds were tested to see the effect on the closing times. 
 
Conclusions 
The CFD model showed that the scavenging efficiency and flow rate for the new valve system is better than the original. The 
valve closing times obtained through CFD and the physical modeling show good agreement.  It was found that they require 
approximately the same amount of closing time compared to the original valve system, so no compression is lost.   
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Introduction and Motivation 
  In recent years, considerable progress in computational modeling of PEMFC has led to better understanding of physical phenomena. However, most 
of these models treat the PEMFC catalyst layer macroscopically and are unable to provide detailed information of the microscopic phenomena 
related to the constituents of the PEMFC catalyst layer (platinum, carbon, ionomer, reactants, and product). 
  The electrochemical reaction is controlled by transport phenomena within the catalyst layer and the transport phenomena is strongly dependent on 
the micro structure as well as on the material properties; the configuration of the constituents of the catalyst layer determine the performance of a 
typical PEMFC such that the performance of some PEMFC with lower platinum loading (the catalyst) is better than others with higher platinum 
loading. Furthermore, the electrochemical reaction is dependent on the available interface between platinum and ionomer, where protons, electrons, 
and reactant gases meet. So, the performance depends also on the geometry of the constituents particles. 
  In macroscopic models, some relations were used to express the dependencies between the microscopic and macroscopic phenomena. These 
relations include some parameters which should be determined for any individually produced catalyst layer in the lab, so, the experimental data are 
fitted to macroscopic models in order to estimate these parameters. This results in the dependency of the computational investigations on the 
experimental data. Despite the useful results of these models at the macroscopic scale, it is desirable to use the just microstructure and material 
properties as the input of the model to predict microstructure dependent phenomena. 
  It is planned to build a 3D model of a cubic sample of PEMFC catalyst layer and primarily investigate the effect of microstructural complexities on 
the performance to get a better insight of improving the micro geometries and production process of PEMFC catalyst layer in the lab. 
Methods and Results 
 The governing equations are to be solved in a 
representative geometry of the real catalyst layer. The 
representative geometry consists of three phases 
(different computational domains). The pore through 
which the reactants and products molecules diffuse, the 
ionomer which is solid through which the ion, reactants 
and products diffuse, and finally carbon/platinum which 
is again solid through which electron flows. 
  The representative geometry is produced based on the 
images from the PEMFC catalyst layer [1], figures (a) 
and (b), by randomly placing the spheres connected to 
each other, figure (c) and figure (d) is a slice of it. 
  The governing equations are conservations of species 
(reactants and products), charges (electrons and protons) 
and energy [2, 3]. These equations are computationally 
solved along with some constituent equations for the 
solubility of water in ionomer phase, electrochemical 
reaction on the interface between the platinum and 
ionomer. The bulk diffusion is the result of molecule to 
molecule interaction but Knudsen diffusion is the result 
of molecule to wall interaction. As the geometry is very 
small there are some gaps within the order of mean free 
path of the molecules, so Knudsen effects are to be 
considered in this modeling. The electrostatic phenomena 
have to be considered as there is electrostatic force on the 
charges. 
  For the sake of simplicity and more efficient 
programming the representative geometry is scaled 
(exaggerated) as the number of the computational grids 
for the figure (c) is too big. It is planned to solve the 
governing equations for this scaled geometry figure (e) in 
order to evaluate the model at the beginning. Figure (f) is 
a contour of water distribution. 
Conclusions 
The micromodeling of the PEMFC catalyst layer is 
useful in detail understanding of the phenomena and their 
effects on performance. Using the micromodels we are 
not restricted to ignore some physics by making some 
assumptions or account just the volume-averaged 
parameters. With a micromodel capable of predicting the effects of geometrical complexities on performance, the production of catalyst layer is no 
longer investigated just experimentally so researchers are able to get better design with higher efficiency using less material. 
[1] K. More, R. Borup, K. Reeves. Identifying Contributing Degradation Phenomena in PEM Fuel CellMembrane Electrode Assemblies Via Electron 
Microscopy. ECS Transactions, 3:717–733, 2006. [2] G. Wang, P. P. Mukherjee, and C. Y. Wang. Direct numerical simulation (DNS) modeling of 
PEFC electrodes Part I. Regular microstructure. Electrochimica Acta 51:3139–3150, 2006. [3] G. Wang, P. P. Mukherjee, C. Y. Wang. Direct 
numerical simulation (DNS) modeling of PEFC electrodes Part II. Random microstructure. Electrochimica Acta 51:3151–3160, 2006. 
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 Synopsis 
 We performed large eddy simulation of the flow over a typical two-dimensional dune geometry at laboratory scale (the Reynolds number 

based on the average channel height and mean velocity is 18,900). The results are validated with simulations and experiments in the 
literature. A grid sensitivity analysis showed that simulations require approximately ten million grid points to converge flow statistics. The 
two-point correlations close to the free surface indicate the necessity of wider simulation domain than previously reported. Large coherent 
structures can be recognized over the entire domain. Large horseshoe like structures are generated after the reattachment as a result of 
interaction between spanwise rollers and wall. They are tilted downward and attached to the surface by their tips. History of these unique 
structures and their comparison with large structures in open channel flow are illustrated. Moreover, turbulent kinetic energy budgets are 
discussed. 

 Introduction 
Fluid flow over rough sand beds in river has unique dynamics, 
compared with the flow over smooth walls. The shape of irregularities 
on the bed and the scale of roughness influence the characteristics of the 
flow. Among the most commonly found river-bed irregularities are 
dunes, formed when small irregularities on a flat bed grow. A stable 
dune form is usually established. Once the equilibrium shape is reached, 
dunes slowly migrate in the direction of the flow, as sand is lifted in the 
high-shear regions, and re-deposited in the recirculation region [1]. 
Dune formation may affect navigation, erosion of bridge piles and other 
structures, as well as dispersion of contaminants, and requires accurate 
modeling of the sediment flux and fluid dynamics computation. 
 Methods and Results 
The filtered Navier-Stokes equations are solved using the Lagrangian 
dynamic eddy viscosity model to calculate the subgrid stresses. The governing differential equations are discretized on a nonstaggered grid using a 
curvilinear finite volume code. Both convective and diffusive fluxes are approximated by second-order central differences. A second-order semi-
implicit fractional-step procedure is used for the temporal discretization. The Crank-Nicolson scheme is used for the wall normal diffusive terms, and 
the Adams-Bashforth scheme is used for all the other terms. Fourier transforms are used to reduce the three-dimensional Poisson equation into a 
series of two-dimensional Helmholtz equations in wave number space, which are then solved iteratively using the BiConjugate Gradient Stabilized 
(BCGSTAB) method. The code is parallelized using the MPI message-passing library and the domain-decomposition technique. Periodic boundary 
conditions are used in the streamwise and spanwise directions. 
We first verified that the flow statistics compare well with 
existing experimental and numerical data [2]. The flow 
separates at the crest and reattaches five dune-heights 
downstream. The instantaneous flow shows that rollers are 
generated at the crest due to the Kelvin Helmholtz 
instability and convected downstream; they interact with 
the near wall turbulence or rise to the surface due to a 
strong ejection event. Interaction of rollers near the wall 
with streamwise vortices generated in the developing 
boundary layer leads to large horseshoe like structures. 
Large horseshoe-like vortex loops are also observed, 
which result from intense Q2 events, and are elongated 
and tilted downward, rising to the surface and eventually 
touching the surface by the tip. The ejection of the flow 
into the surface that occurs between the vortex legs results 
in an intense upwelling on the surface, known as a “boil”. 
Later, the vortex loop is convected downstream, elongated, 
and distorted. The vortex legs reach to the surface and the upwelling is expanded and weakened. 
The turbulent kinetic budgets differ from the open channel flow, in which production and dissipation are dominant. The flow separation at the crest 
enhances the importance of all other terms (mean-flow advection, turbulent transport, viscous diffusion, and pressure transport). Even at the surface, 
turbulent and pressure transport still affect small eddies. In this region, the turbulent kinetic energy of flow over dunes is twice as higher as in the 
open channel flow. 
 Conclusions 
The main distinction between the structures that occur over dunes and smooth beds is the roller structures which interact with wall turbulence and 
shape an inclined horseshoe-like vortex that is able to reach the surface and make larger and stronger boils than those found in open channel flows. 
Moreover, the history of these structures show that they are inclined from the originally vertical orientation while horseshoe vortices in open channel 
starts from the horizontal orientation. These structures are unique for the flow over dunes where separation occurs at the crest. Separation enhances 
production and transport of turbulent kinetic energy into the bulk flow. Turbulence is also transferred to the surface by means of large coherent 
structures.   
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Introduction and Motivation 
The number of total hip replacements (THR) has been steadily increasing in North America over the past decade due to 

demographical shifts in population and patients receiving the surgery at earlier ages. Currently over 24,000 THR are performed each 
year in Canada with 13.6% of all THR being revision surgeries [1]. The preferred fixation method for the replacement components in 
THR, especially for younger patients, uses an uncemented press-fit method in which the internal bone structure adapts to the 
porous surface of the metal femoral component. This creates bone growth into the structure, called osseointegration, providing 
increased structural stiffness at the bone-implant interface. The possibility of osteolysis (bone death) leading to aseptic loosening of 
the joint accounts for 66% of all revision surgeries and can increase substantially without this bone in-growth [1] [2]. 

Internal bone architecture, called trabecular or cancellous bone, has long been studied to determine the underlying 
principals of its formation and adaptation. Over a century ago, Julius Wolff proposed that the trabeculae functionally adapt to 
mechanical loading stimuli; orientating themselves to align with the principal stress directions to achieve maximum mechanical 
efficiency with minimal mass. A computational study of Wolff’s Law utilizing a large-scale micro-level voxel femur model and 
specialized topology optimization algorithm was performed for the human proximal femur in both two and three-dimensions to 
validation his hypothesis. In the future, we hope to utilize this algorithm to optimize the design of hip implants by analyzing stresses 
and observing the bone growth around the bone-implant interface. 
Method and Results 

Topology optimization can be described as “layout optimization”; that is, for a given set of loading conditions it seeks to 
distribute material into the areas of highest loadings over the domain. This maximizes the overall global structural stiffness with a 
limited amount of material [3]. This method is comparable to bone remodeling, as areas of highest loading will be more susceptible 
to micro-fractures, which activates the remodeling process and results in acquisition of more bone mass. The computational 
algorithm of this phenomenon is based on the design space optimization technique [4], which emulates the remodeling caused by 
the osteoblasts and osteoclasts (bone building / removal cells) through finite element expansion and reduction at the trabecular 
surface, respectively. Trabecular bone’s complex material matrix is inhomogeneous and porous; however, we assume this 
anisotropy is mainly due to the overall porous structure and use isotropic properties for the individual trabeculae matrix [5]. The 
anatomically valid femur model, obtained from Biomechanics European Laboratory (BEL), utilized accurate three-dimensional 
loading conditions based upon three separate loading conditions that simulate overall daily activities.  

 
                Fig. 1. Natural Femur Cross-section          Fig. 2. 2D Femur Simulation Results Fig. 3. 3D Femur Simulation Results 

Conclusions  and Future Work 
The results were analyzed qualitatively by a direct comparison to natural bone including cross-sectional imagery and simulated 

radiographs and to previous computational studies in literature with good agreement, see Figure 1-3 above. In addition, a 
quantitative analysis of the global strain energy distribution of the trabecular architecture reveals a uniform distribution is achieved 
as it functionally adapts to the loads applied to it. The bone topology, as hypothesized by Wolff, is confirmed to achieve maximum 
mechanical efficiency and is a natural optimal structure. The fact that realistic trabecular architecture is obtained, while excluding 
biological factors suggests that biomechanical stimulus is a dominating factor in trabecular orientation and remodeling in load 
bearing bones. In the coming months, we hope to refine the preliminary results and perform an in-silico hip replacement and 
determine the effect on the trabecular architecture at the bone-implant interface.                                                                                            
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Modal Analysis of a Thermally-Actuated MEMS Gyroscopic Sensor 

Marc Burnie 

Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada  

Synopsis 

The present study focuses on a novel Electro-Mechanical Systems (MEMS) microgyroscope design utilizing a chevron thermal actuator. Unlike most electrostatically-

driven vibratory gyroscopes operating at high voltages, the proposed electro-thermally driven microgyroscope requires an AC excitation signal of 2 volts (peak-to-

peak). A prototype of the proposed microgyroscope has been developed using the MetalMUMP’s process. A finite element modal analysis of the microgyroscope was 

conducted using COMSOL Multiphysics software to estimate the drive and sense mode resonant frequencies. These drive and sense mode resonant frequencies along 

with the drive mode characterization at the sense mode resonant frequency have been measured using Polytec Microsystem Analyzer (MSA-400).  

Introduction 

MEMS gyroscopic sensors are becoming increasingly prevalent in personal electronics, automotive, aerospace, and biomechanical applications. Vibratory MEMS 

gyroscopes determine the angular velocity of a rotating body by measuring the Coriolis force acting on a vibrating proof mass. Electrostatic actuators are commonly 

used to drive the proof mass but require high voltages upwards of 100V that require amplification and protection circuitry to implement [1]. Conversely, Nickel-based 

electro-thermal actuators require much lower operating voltages (~1V) to provide decent motion. At frequencies of several kilohertz, such electro-thermal actuators 

can provide 2µm peak-to-peak vibration. With such a low driving voltage, it is expected that the proposed microgyroscope allows easy implementation with CMOS 

circuitry. 

The design and testing of a MEMS gyroscope is addressed and empirical data is compared to simulated models. 

Methods and Results 

The driving mode natural frequency was identified by scanning multiple frequencies and analyzing the displacement and quality of the mechanical vibration. No DC 

offset was applied to the signal; consequently the frequency of the mechanical response is double the driving signal due to the direction-independent nature of joule 

heating. The maximum displacement of the proof mass in the driving and sensing direction occurred at a forcing frequency of approximately 6.0kHz. The frequency 

response of the proof mass in the sensing direction is shown in Fig. 1 below. The relationship between the dynamic displacement of the thermal actuator and the 

power consumption while operating at the sensing mode resonant frequency is shown in Fig. 2. An FFT was also developed by applying a burst chirp excitation signal 

to the thermal actuator to elicit a response, which was then measured using laser interferometry. The first five resonant out-of-plane modes of the device are shown 

in Fig. 3 below. 

 

 

FIG. 1 - FREQUENCY RESPONSE OF THE PROOF MASS IN THE SENSING DIRECTION. 

 

FIG. 2 - POWER CONSUMPTION OF THE THERMAL ACTUATOR AT SEVERAL DISPLACEMENTS ELICITED BY 

CHANGES IN OPERATIONAL CURRENT. 

 

FIG. 3 - THERMAL GYROSCOPE OUT-OF-PLANE FFT.

Conclusions                                                                                                              

The experimental mode shape resonant frequencies are within 5%-28% of the simulated values. The discrepancies can be attributed to manufacturing tolerances, 

differences between simulated and experimental material properties and damping. The concurrence of the driving and sensing resonant frequencies is predicted to 

cause greater gain due to the larger response but may increase sensitivity to environmental conditions. 
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Redundancy Resolution of Wire-Actuated Parallel Manipulators 

Maryam Agahi 

Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada 

Synopsis 

Redundant manipulators have potential advantages of using their degree(s) of redundancy to satisfy additional task(s). To achieve desirable 

performance criteria, various optimization techniques can be applied to redundant manipulators. In the work presented, the redundancy resolution of 

planar wire-actuated parallel manipulators is investigated. Local optimization routines are presented through simulations of an example planar wire-

actuated manipulator in order to minimize the norm of actuator torques or to minimize the norm of the mobile platform velocity, subject to positive 

tension in the wires. The presented approaches can be utilized in the design of controllers, trajectory planning, and dynamic workspace analysis in 

order to improve the manipulator safety, reliability, and performance. 

Introduction 

A manipulator is said to be parallel if its kinematic structure takes the form of a closed-loop chain of links 

connected by joints. A parallel manipulator consists of a mobile platform (end effector) connected to a fixed base 

by several branches/legs/limbs. If all links of a manipulator move in a plane or in parallel planes, then the 

manipulator is called planar. Wire-actuated parallel manipulators are a special kind of parallel manipulator where 

multiple wires connect the mobile platform to the base (shown in Figure 1) and have the advantage of being light 

weight, reconfigurable and transportable, and allowing high speed motion and a larger workspace. Wires can only 

apply force in the form of tension. So, to design a fully controllable wire-actuated parallel manipulator, the 

manipulator has to be redundantly actuated. Thus, to keep positive tension in all wires, at least n+1 wires are 

required for a manipulator with n degrees of freedom [1]. 
 

Figure 1 

In closed-loop manipulators, if the number of actuators is greater than the degrees of freedom of the manipulator, the manipulator is redundantly 

actuated and for a given end effector trajectory and external forces/moments, an infinite number of actuator torques/forces exists. Some of the 

challenges associated with the redundancy resolution of wire-actuated parallel manipulators are resolved using the potential advantages of wire-

actuated parallel manipulators. 

Methods and Results 
The dynamic representation of a planar wire-actuated parallel manipulator is given by JT

ττττ=M x&& +g+Fext, where J is the Jacobian matrix that relates 

wire length rates, l& , to the velocity of the mobile platform, x&  (i.e., xJl && = ), T denotes the transpose operation, ττττ is the vector of wire tensions, M is 

the inertia matrix, x&& is the acceleration of the mobile platform, g is the vector of gravitational force, and Fext is the vector of external forces/moments 

acting on the mobile platform. When J (or JT) is not square, the generalized inverse of JT is used to solve for wire tensions τ as 

τ=JT#(M x&& +g+Fext)+(I-JT#JT)λ, where J#T=J(JTJ)-1, I is the identity matrix and λ is an arbitrary vector. (I-JT#JT)λ maps the free vector λλλλ to the null 

space of JT. The determination of λλλλ depends on the optimization of a criterion function. In order to resolve redundancy at the velocity level, for a 

given trajectory of the mobile platform, xo, the trajectory is modified instantaneously such that either the minimum norm of the wire length rates or 

the minimum norm of the mobile platform velocity is achieved subject to positive wire tensions. So, after modifying the trajectory, at each time 

instant, the minimum norm λλλλ is calculated (if it exists) that maintains positive tension in all wires. The simulation results of a 3-DOF planar wire-

actuated parallel manipulator are given in Figures 2 through 7. The objective function in the optimization is to modify the trajectory such that the 

velocity of the mobile platform traces the given mobile platform velocity, x& o, as close as possible, subject to positive wire tensions. 

 
Figure 2. Given and modified trajectory of the mobile 

platform 

 
Figure 3. Given and modified velocities of the 

mobile platform 

 
Figure 4. Variable portion of the mobile platform 

velocity 

 
Figure 5. Configuration of the mobile platform 

 
Figure 6. Solution of λ to maintain positive wire 

tensions 
 

Figure 7. Tension in the wires 

Conclusions 
Approaches to resolve actuation redundancy of planar wire-actuated parallel manipulators were investigated. Simulation results of a 3-DOF planar 

wire-actuated parallel manipulator were presented. Using the null space contribution, the wire tensions can be kept positive successfully. Continuous 

mobile platform trajectories, wire tensions, and wire length rates were produced, considering the optimization criteria, the tolerances used in the 

optimization routine, and the optimization scheme. Redundancy resolution scheme at the velocity level can also be used in collision avoidance 

applications. The choice of a proper optimization scheme, whether to minimize the tension in the wires or to minimize the velocity components, 

depends on the application of the manipulator, e.g., in trajectory planning, pick and place operations, and spot welding.  
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Optimization of Manufacturing Processes: Minimization of CO2 Emission in Metal Forming 

Paolo Nava 

Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada 

Synopsis 

    This work deals with the calculation and the investigation of possible reductions of carbon emissions in manufacturing a product, considering final 

quality and technological feasibility. Electrical energy consumption occurring during the shearing and the upset forging of a billet was found by 

means of nonlinear finite element analysis and converted into CO2 emissions with a carbon emission signature (CES) value. Environmental impact 

and frictional properties of both traditional and two non-conventional ecologically benign lubricants were experimentally tested and included in the 

study. 

Introduction 

    The growth in the global atmospheric concentration of anthropogenic greenhouse gases (GHG), as a consequence of increased human activities 

since the pre-industrial era, is believed to be the main cause of the global warming. Between 1970 and 2000 there was an increase of 56% in the CO2 

emissions, that topped 49 billion tons issued in 2004 [1]. The industrial sector contributes to 20% of the total emission; that is why a sustainable 

development of production systems that provide the same good and services within a new set of environmental constraints is one of the most actual 

challenges. A company prospective environmental progress is also concomitant with its financial progress [2].  

     Every manufacturing operation has several technological parameters whose changes may alter the energy consumption, causing the whole process 

to become more or less energy-efficient and its environmental impact to be smaller or greater. The manufacturing of an Al 6061 disk was studied to 

assess its equivalent CO2 emissions. Shearing and subsequent cold lubricated upset forging were examined by means of the nonlinear finite element 

method (FEM) considering how variations to the initial feedstock and the choice of the lubricant affect the environmental performance as well as the 

final quality of the work piece.  

Methods and Results 
    The manufacturing of an Al 6061 alloy disk out of an extruded bar presents two subsequent steps (Fig. 1): (a) cut the bar with diameter iD to the 

initial length iH by shearing and (b) open die cold set upforge the billet to the final height fH and diameter fD by lubricated compression. Because of 

the friction between the work piece and the dies, the final disk will present a bulge; the barreling radius R accounts for that. High quality disks 

approaching R = ∞ are to be pursued. Lubricants are needed to reduce frictional effects and long term wear of the platens. Mechanical work of the 

shearing operation (Ws) was found by means of an analytical formula, whereas a nonlinear FEA was implemented in ANSYS 11.0 to simulate the 

forging phase work (Wc) (Fig.2); a CES value which accounts for the different fossil fuels burned to produce the energy needed converts mechanical 

work into carbon emissions. The non energy-related contribution due to the use of lubricants was obtained by means of their GWP, given in previous 

studies [3]; yet their coefficient of friction had to be experimentally determined with compression ring tests (Fig. 3). The same disk could be obtained 

starting from different sheared billets, provided that they have the same volume as the final work piece: a long and slender billet would present 

smaller shearing work and bigger compression work and vice versa for a short billet with big iD (Fig. 4). Total CO2 emissions could be calculated as 

a summation of the energy and the non-energy related contributions for different lubricants and for different values of iH (fig. 5), so that the optimum 

could be identified and product quality could be also estimated (fig. 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusions                                                                                                              
       A sound and straightforward method to quantify the CO2 emissions related to a manufacturing process to be used as a decision support tool is 

presented. In the case study, the choice of optimum technological conditions is reflected in a reduction in carbon emissions as big as 13.5%. On top 

of that, tested eco-benign lubricants present fairly good performance and are suitable alternatives to traditional mineral oils.  
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Figure 4.  Qualitative mechanical work for 

different initial billets (V=cost). 

Figure 5.  Calculated total CO2 emissions for 

three lubricants at various iH. 

Figure 6.  Calculated barreling radius after 

compression for various iH. 

Figure 1.  Manufacturing Process of a disk. Figure 2.  Finite element analysis of lubricated 

cold upset forging. 

Figure 3.  Datasets from compression ring test 

sessions. 



Battery Optimization for use in Plug-in Hybrid Electric Vehicles 
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Synopsis/Introduction 

    Current available battery technology is not being applied to the full potential for use in PHEVs with various electric ranges.  Rather, most research 

is focused on developing new battery systems. A duty cycle, developed by the University of Manitoba and created from actual driving cycles, will be 

used to test the batteries. Scaled battery testing will be conducted to acquire more accurate battery performance specifications for the application of 

PHEV systems, focusing on opportunity and fast charging performance. Using a Prius Gen2 as a general vehicle model, 3 different PHEV ranges will 

be optimized using the battery matrix and duty cycle. Optimizing the different models will have to incorporate performance, cost, weight, and 

opportunity charging capabilities of the different battery systems.  The battery type and size for each application will be determined according to the 

optimization parameters. 

Methods and Results 

    The duty cycle developed by the University of Manitoba, will be converted to a power profile, taking advantage of opportunity charging and 

regenerative braking schemes. This power profile will then be scaled for testing on a custom potentiostat/galvanostat system from Arbin Instruments, 

rated at 1.5kW capacity (15V @ 100A DC). Three different PHEV systems will be considered when testing, PHEVs with 20,40 and 60 km of all-

electric range. For the purposes of testing, the custom duty cycle will be input into the potentiostat/galvanostat while monitoring current, temperature 

and voltage of each pack. The information gathered from testing will be used to augment a matrix identifying battery performance characteristics. A 

sample of information from the matrix, an example of the power converted duty cycle and the testing system specifications are shown below. 
 

2004 Toyota Prius Vehicle Specifications 

 
Sample Portion of Prius Weekday Driving Power Cycle 

0.27  Aerodynamic Drag Coeff 

1.75 m^2 Frontal Area 

0.85  Transmission Efficiency 

1.19 kg/m^3 Air Density 

0.009  Rolling Friction Coeff 

0.7  Friction Coefficient 

0.7  

Brake Regeneration 

Efficiency 

1606 kg Vehicle Mass 

-12 kW 
Maximum Regenerative 
Braking Power 

   

Example of Battery Performance Matrix 

 
Specific Energy 

(Wh/kg) Energy Density (Wh/L) 

Specific Power 

(W/kg) Cycle Life (80% DOD) Max Charge Rate 

Lead Acid 30-50 80-100 200-600 200-300 / 800 AVRLA 0.5-2C 

NiMH 60-120 220 850 300-500/ 900 ANiMH 3C 

NiCd 45-80 100-150  1500 0.5-2C 

Li-Ion 70-155 150-410 1500-3000 600-4000 0.5-4C 

 

Typical Fast 

Charge Time Self Discharge/Month Cell Voltage Load Current (Nominal/Peak) Cost/kWh 

Lead Acid 8-16h 5% 2-2.1 0.2C/5C  

NiMH 2-4h 30% 1.2-1.25 0.5C/5C $600 

NiCd 1h 20% 1.2-1.25 1C/20C $410 

Li-Ion 2-4h 5-10% 1.9-4 1C/30-50C $1,000 

 

Conclusions 
Equipment for testing has been ordered, and is due to arrive in late January. Once testing has been completed, and the decision matrix augmented, 

vehicle simulation will be performed to determine the optimal battery size and type for each PHEV range. The primary objectives of this research are: 

to use real life duty cycles to gain an accurate performance characteristic of currently available battery technology through testing, apply the 

performance characteristics to an optimization model and optimize the energy storage system based on different criteria and to create a battery 

recommendation matrix to show which batteries are applicable for different PHEVs. Furthermore, this research aims to assess the potential use of all 

relevant battery technologies in PHEV systems. 

 

References 
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A New Methodology for Reducing Computational Costs in Topology Optimization 
Sun Yong Kim 

Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada 
Synopsis 

    The goal of topology optimization is to seek the optimal layout of material within a design domain that minimizes a given objective function and 
satisfies given constraints [1]. Generally speaking, topology optimization is a problem which has many design variables and a moderate number of 
constraints. It requires an efficient method to handle the huge number of design variables. Here, we have proposed a new methodology, the adaptive 
design variable method (ADVM), to save computational expense in topology optimization.  
Introduction 
    Topology optimization is widely used for determining initial rough designs in many industries. The problem with this method is its typically high 
computational cost because of the many design variables. Convergence criterion is also a significant issue that affects computing time. In 
conventional topology optimization applications the convergence criterion is usually set as a minimum difference between the design variable values 
of two successive iterations, e.g., the change in every design value must be less than a certain value. However, some design variables quickly 
converge while some others only slowly converge. We have proposed that some design variables that have already converged not be considered as 
design variables in future iterations to reduce computational costs. In this paper, the benchmark problem of a 2D cantilever beam is presented to 
compare the computing cost and optimal layout determined using the ADVM to those determined using conventional topology optimization methods.  
Methods and Results 
    Fig. 1 shows a benchmark problem of topology optimization: the design domain and optimal layout. The objective function is compliance with 
limited volume of material. As shown in Fig. 2 some design variables converge quickly while some other design variables converge slowly. Thus, the 
proposed method will ignore design variables that have already converged. Subsequent iterations of the design optimization will only consider those 
design parameters that have not converged. The method used to determination convergence of a design variable is adapted from the concept of mean 
value and standard deviation as shown in Fig. 3 [2]. In conventional topology optimization, the number of design variables is fixed during the 
optimization procedure, but in the proposed method the number of design variables is reduced with respect to the iteration and the optimization 
continues until the number of design variables reaches zero. Fig. 4 shows the result with the proposed method. The optimal layout is similar to the 
conventional one, but the computation al cost is significantly reduced. Table 1 shows the comparison between conventional and proposed topology 
problems.  

1ρ 2ρ

Nρ

 
(a) 2D Cantilever beam 

 
 

  
(b) Optimal layout of the 2D Cantilever beam 

 

 
(a) Quickly converged 

 

 
(b) Slowly converged 

Fig. 1 An example of topology optimization 
 

Fig. 2 The history of some design variables 
 

 
 

Table 1 Summarized results – 2D Cantilever beam 

2D Cantilever beam 

 Conventional Proposed 

Compliance 3135.96 3164.14 

Iteration 65 37 

Computing 
time (sec) 1136 578 

 

Fig. 3 The concept of mean & standard deviation 
 

Fig. 4 The optimal layout of 2D Cantilever 
beam 

 

Conclusions 
Handling design variables using the concept of mean value and standard deviation can reduce the computational expenses, because the computing 

time is directly tied to the number of design variables. Using the ADVM in topology optimization shows a huge saving of computational expense 
compared with the conventional method while the optimal layout and compliance are quite similar.  
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Control of a Pneumatic Gantry Robot with Adaptive Neural Network Compensation 
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Synopsis 
    Much research has been conducted on force control with electric robots. By contrast, little research has been conducted on force control with 
pneumatic robots. This is understandable as pneumatic actuators are more difficult to control because of low bandwidth and high nonlinearity 
due mainly to air compressibility and Coulomb friction effects. However, relative to electrically actuated systems, pneumatic systems are cheaper 
and easier to maintain. This observation has led to considerable research on pneumatic servo position control. 
Introduction 
    In the context of pneumatic controls, there have been some researches on using 
NN as a tool to improve the tracking performance. These effects have been called 
nonlinearity compensations. These nonlinearities in a pneumatic system are due to 
the friction which is intensified by lack of lubrication, compressibility of air and 
system lag. For example, Gi (1998) studied a feedback linearization by means of a NN 
toolbox for position control of a pneumatic actuator.   
  
Methods and Results 

The controller that we are using is a linear PID which is tuned for 2rad/s sine wave 
desired position input. Then the neural network signal is subtracted from the PID output and fed to the robot. Since we have a noisy position 
signal a first order filter is used to remove the chattering. Figure 1 shows the schematic of the utilized NN. The PID controller algorithm used in 
this study can be written as: 

    
Lewis (1996) developed a multilayer nonlinear NN based controller for a 

serial link robot.  Their algorithm is referred to as the Modified Back 
Propagation Method (MBPM).  Their improved tuning algorithm makes 
the NN robust, such that bounded weights are guaranteed. 

Figure 2 shows the block diagram of our system and the controller. As it 
is shown, the NN signal is subtracted from the PID output. In Figures 3 
and 4 one is able to see the effect of NN to the tracking performance. 

Using “average of error” as an quantitative measure, shows that using NN 
can improve the tracking performance by %21.  

 
Figure 3 Position control, PID tuned on 2rad/s input without neural network 

compensation 
 

Figure 4 Position control, PID tuned on 2rad/s input with neural network 
compensation 

Conclusions                                                                                                              
       In this work we examined the effect of applying neural network as a nonlinearity compensator. Experimental results were presented. The 
position controller was a PID augmented with a neural network compensator. From experimental results, it was shown that the tracking 
performance could be noticeably improved by the proposed method. Also, it was shown that the compensator did a better job for faster 
movements. Investigating the effect of different inputs to the neural network block and also applying the block to other control methodologies 
could be targeted for future works. 

Bibliography  
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Investigation into More Complex Stress States for Zirconium Alloys 
Dale Campbell 

Mechanical and Materials Department 

 

Abstract 
Zirconium is used in the nuclear reactor due to its low neutron absorption cross section, good 

mechanical properties, and corrosion resistance. Due to its importance to the nuclear industry the 

more complex stress states it faces throughout its lifetime from production to in reactor use needs 

to be better understood. For this reason models have been created in order to predict the 

deformation behavior. 

 

A model widely used in nuclear material group is that of the elastic plastic self consistent (EPSC). 

In order to have a better FEA modeling scheme for abaqus it is desired to use the EPSC as the 

underlying foundation. Due to the computational effort of the EPSC it cannot be implemented 

straight into the FEA package. In order to accomplish a possible bridge between that of the EPSC 

and abaqus a yield surface and hardening scheme is to be used [1]. Since zirconium is anisotropic 

in nature and posses strength differential between that of compression and tension states the more 

classic yield surfaces do not provide suitable fits. It has been found that  Barlat and Cazacu, 

through the use of data fitting and iteration method, have provided a yield surface, figure 1, that 

fits well and a work hardening scheme that can simulate that of monotonic loading [1-2]. The 

combination of the EPSC, which has also been verified by uniaxial loading [3], and the Cazacu-

Bralat yield surface are to become the building blocks for modeling of more complex stress 

states. 

 

Figure 1: Isotropic Evolution of Yield Surface with EPSC and Cazacu-Barlat Fit 
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Sintering and mechanical properties of silicon carbide composites with 

in-situ converted titanium oxide to titanium carbide 
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Introduction 
Silicon	   carbide	   (SiC)	   is	   an	   attractive	   structural	   material	   due	   to	   excellent	   mechanical	  
properties	   that	   can	   be	   retained	   at	   high	   temperatures.	   Improvements	   to	   the	   hardness,	  
strength	   and	   fracture	   toughness	   of	   SiC	   have	   stimulated	   interest	   for	   use	   in	   a	   number	   of	  
industries.	   SiC	   containing	  a	  moderate	  volume	   fraction	  of	  dispersed	   titanium	  carbide	   (TiC)	  
display	   improved	   flexural	   strength,	   fracture	   toughness	   and	   hardness	   [1,2].	   Although	   the	  
addition	   of	   TiC	   to	   SiC	   imparts	   higher	   mechanical	   properties	   the	   method	   of	   production	  
requires	   high	   pressures	   and	   temperature	   and	   makes	   the	   material	   commercially	   un-‐
attractive.	   In	   order	   to	   eliminate	   hot	   pressing	   the	   TiC	   particles	   were	   produced	   in-‐situ	  
through	  the	  reaction	  of	  titanium	  oxide	  and	  carbon	  during	  pressureless	  sintering.	  
 
Methods and Materials 
Several	  powder	  compositions	  were	  prepared	  from	  reactant	  constituents	  (TiO2,	  C),	  additives	  
(Al2O3,	  Y2O3)	  and	  α-‐SiC	   to	  vary	   the	  amount	  of	   converted	  TiC	  between	  0	  and	  30	  vol%.	  The	  
sintering	  profile	   included	  a	  one	  hour	  dwell	  at	  1450°C	   to	  allow	  for	  complete	  conversion	  of	  
TiO2	   to	   TiC	   followed	   by	   pressureless	   sintering	   in	   an	   argon	   environment	   at	   temperatures	  
between	   1800	   and	   1920°C	   for	   one	   hour.	   Mechanical	   properties	   of	   the	   samples	   will	   be	  
correlated	   with	   the	   sintering	   temperatures	   and	   volume	   fraction	   of	   post-‐sintered	   TiC	   to	  
determine	  the	  optimal	  conditions.	  
	  

Results 
Composites	  containing	  up	  to	  30	  vol%	  post-‐reacted	  TiC	  were	  pressure-‐less	  sintered	  with	  4.7	  
wt%	   alumina	   and	   5.3	   wt%	   yttria	   to	   achieve	   maximum	   theoretical	   densities	   approaching	  
99%.	   	   It	   was	   observed	   that	   increased	   volume	   fraction	   of	   TiC	   required	   higher	   sintering	  
temperatures	  to	  achieve	  densification	  (Fig.	  1).	  Addition	  of	  TiC	  to	  the	  SiC	  matrix	  was	  shown	  
to	   increase	   the	   fracture	   toughness	  and	  observations	  of	   the	   surface	   fracture	  paths	   indicate	  
potential	  toughening	  caused	  by	  the	  presence	  of	  TiC	  particles	  (Fig.	  2).	  	  

	  

	  
	  

Fig.	  1:	  	  Theoretical	  Density	  as	  a	  function	  of	  temperature	  and	  post-‐	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  reacted	  TiC	  volume	  fraction.	  
	  

	  
	  

Fig.	  2:	  Unetched	  sample	  with	  30	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  vol%	  TiC	  sintered	  at	  1860°C	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  with	  crack	  deflection	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  toughening.	  Crack	  induced	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  per	  ASTM	  C-‐1421.	  
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                   Stored Energy Measurement in Clad Aluminum Alloys 
                                           Debartha Bag, Supervisor: Dr. Brad Diak 

                      Dept of Mechanical and Materials Engineering, Queen’s University 
 

Introduction: During cold deformation, about 5-10% of the energy spent is stored in the crystal 

lattice as dislocations, dislocation cell walls, stacking faults, etc.[1]. For a given macroscopically 

imposed stress, grains of different orientation develop crystal defects at different rates, and 

therefore store work differently.  This stored work is important because it influences future 

recovery and recrystallization during annealing [2].  Since recrystallization is such a local 

process, the spatial arrangement of the stored work is also important.  Stored work is 

predominantly measured by calorimetric or x-ray diffraction methods.  Using diffraction, 

orientation and stored work can be measured simultaneously; though locally it is easier to 

measure texture by electron back-scattered diffraction (EBSD) rather than the stored work, the 

latter requiring x-ray diffraction.  EBSD measurements can be used to determine the Taylor 

factor and image quality values for different orientations, which can only be qualitatively related 

to the stored work.  In contrast x-ray diffraction methods have been well developed which can 

quantify the dislocation content in deformed metals [3], but spatial resolution is limited without a 

synchrotron source.   Therefore, it is of fundamental interest to spatially correlate how specific 

grains with known textures store and give up work from deformation and annealing.   

Material: Novelis Ltd. has developed a new aluminum cladding technology call Fusion
TM

, in 

which different aluminum alloys can be cast into a single rolling ingot.  In these new alloys, the 

interface region between the clad and core alloys plays an unknown role in the development of 

microstructure and texture by deformation processing. 

Objective: A new laboratory-based micro-focused x-ray beam source will be used to measure 

diffraction-peak information from different texture components near the clad/core interface of an 

experimental clad aluminum alloy after rolling.  The local consumption of the stored work from 

annealing will be compared to EBSD information from the same region.  

Current work: The through thickness textures have been measured by standard EBSD and x-ray 

diffraction for a hot and cold rolled Fusion
TM

 alloy (c.f. Fig. 1).  The key texture components 

observed have been identified for the stored work study, and the future work discussed. 

 

 
 

 

 

 

 

 

 

 

 
Figure 1: Normalized texture components 

versus normalized through-thickness position 

in cold-rolled Fusion
TM

 sheet. 

 

Ref: 1) G.Gottestein. J. Bewerunge, H.Mecking, H. Wollenberger:Acta Metallurgica Vol 23, 1975. 

         2)Recrystallization and  Related Annealing Phenomenon- F.J.Humphreys & M.Hatherley, Elsevier, 

(2004) 

         3) A.Borbely, J.H Driver and T.Ungar Acta Materiala Vol.48 (2000). 

            



Characterization of InGaN for Optimization in Photovoltaic Applications 
Dirk McLaughlin 

Supervisor: Dr. Joshua Pearce 
Department of Mechanical and Materials Engineering, Queen’s University 

 
Background 
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 (InGaN) 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 InGaN 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.  
 
Method 
A wide array of characterization techniques are employed to analyze and understand the structural, compositional, optical 
and electronic properties of InGaN samples. These include: x-ray diffraction (XRD), SEM imaging, secondary ion mass 
spectroscopy (SIMS), photoluminescence (PL) measurements, spectroscopic ellipsometry, quantum efficiency (QE), dual 
beam photoconductivity (DBP) and solar simulations.  
 
Preliminary Results 
SEM images as seen in Figure 1 have shown that the InGaN films grown with lower indium content and at higher 
temperatures develop highly crystalline nanocolumns. This crystallinity and microstrucutural order clearly decreases at 
higher indium levels. XRD analyses were performed which confirmed these conclusions. A SIMS procedure on a set of Mg-
doped films gave a more accurate compositional picture. As seen in Figure 2, the Mg dopant decreases significantly in the 
first 50nm below the surface. Additionally, numerous unexpected compounds were discovered in the film which indicated 
contamination within the deposition chamber.  

                            
Figure 1: SEM image of InGaN crystal nanocolumns       Figure 2: Graph of SIMS relative composition data 
 
Future Work 
Models to fit data obtained from spectroscopic ellipsometry must be developed. This will allow for the determination of a 
film’s thickness and optical constants. Additional characterization techniques such as dual beam photoconductivity, 
quantum efficiency and solar simulation will be learned and utilized. The characterization and InGaN film deposition cycle 
will be repeated in an effort to optimize the InGaN samples for use in photovoltaic devices.   
 
References 
1. F.K. Yam, Z. Hassan. (2007) InGaN: An overview of the growth kinetics, physical properties and emission mechanisms. 

Superlattices and Microstructures, 43: 1-23 



Yield strength effect on formation and stability of hydride phases in Zirconium 

Eric Tulk 

Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada 

The ability to extend the working life of reactor core components is of great interest to the nuclear power industry.  In 
particular, zirconium, which is used in fuel cladding and pressure tubes,  is known to fail by means of hydrogen 
embrittlement and a process called delayed hydride cracking (DHC).   A comprehensive knowledge of the hydride 
phases and their formation and stability characteristics is nessessary for a strong understanding of these failure 
mechanisms. 

A study on the effects of yield strength on the formation of hydride phases in zirconium alloys is presented.  X‐ray 
diffraction experiments at the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory were 
used to characterize the presence of δ (fcc) and γ (fct) hydride phases.  Since there is a volume change associated with 
the precipitation of each hydride phase, a yield strength effect is suspected.  4 materials with ~100mg/kg hydrogen 
content (AR zircaloy‐2 plate, rolled zircaloy‐2 plate, AR Zr‐2.5Nb pressure tube, Zr‐2.5Nb pressure tube HT 700ºC, 2 
week), each with different yield strength were tested.  Although it was determined that the yield strength does effect 
the relative populations of hydride phases, disagreements between the data sets of the two tested alloys (zircaloy‐2 
and Zr‐2.5%Nb) has indicated that other factors can significantly effect hydride formation.  This provides a possible 
reason for some of the significant discrepancies in the literature, which is also presented 

The hydride phase volume fractions were determined by analysis of the x‐ray diffraction data.  Additionally,  a future 
TEM study will be discussed. 

 

Figure 1 ‐ Fits of α‐Zirconium and respective hydride peaks.  From left (10‐10)Zr, (111) δ ZrH, (111) γ ZrH, (0002) Zr   



Effect of Zirconium Hydrides on Notch Tip Strain Fields in Zr-2.5Nb 

Gregory Allen 

Department of Mechanical and Materials Engineering, Queen’s University, Kingston, Canada 

Introduction 

   Zirconium alloys used in CANDU nuclear reactors are exposed to a corrosive environment of heavy water throughout their life cycle.  Ingress of 

hydrogen into the zirconium metal can result from corrosion occurring in such an environment.  Once the local solubility limit has been exceeded, the 

hydrogen will precipitate out as zirconium hydrides (ZrH2).  The hydrides appear in the form of plate-like structures whose orientation is partly 

dependent on concentration, temperature and stress gradients present in the metal.  Zirconium hydrides are more brittle than the parent zirconium 

metal, and when oriented such that their plane is perpendicular to an applied tensile stress, they provide ready sites for crack initiation and 

propagation.  This typically occurs through a process known as delayed hydride cracking.  Cracks rapidly move through the brittle hydrides until they 

reach unhyrdided zirconium metal, where they are arrested until additional hydrogen diffuses to the high stress zone around the crack tip and a new 

hydride formation is created; the crack will then be able to propagate once more in a slow crack growth process that can eventually lead to the 

mechanical failure of the component. 

 

Modeling 
   A finite element modeling approach is being taken to predict the effect of zirconium hydrides precipitating in the vicinity of a notch tip on the 

stress/strain fields in Zr-2.5Nb pressure tube material.  Extruded Zr-2.5Nb pressure tubes exhibit significant anisotropic material behaviour, and this 

modeling study aims to account for the full anisotropy.  This material also exhibits different behaviour in tension than in compression, and the model 

represents this as well.  The hydride is modeled as an elastic inclusion embedded in an elastic-plastic matrix.  An ellipsoidal shape is used for the 

hydride, as this is very close to the plate-like hydrides observed in reality, and it has been shown theoretically [1] that this is the most ideal shape for 

hydrides to take during precipitation based on strain energy minimization.  Hydride growth is simulated by applying a 17% [2] volume expansion 

(viscoelastic swelling) to the region designated as hydride.  Creep subroutines have been developed and implemented in the model based on some of 

the more recent creep equations developed in industry to characterize pressure tube creep.  Activation of this behaviour in the model allows for 

relaxation of the initially high stresses in the hydride after precipitation.  Hydride formation, creep and specimen loading can be performed in any 

order to mimic experimental conditions and thus validate this modeling approach for predicting notch tip strain fields.  This is illustrated in Figure 1. 

 

In-Situ SEM Testing and Digital Image Correlation 
   Experiments are being performed to characterize the strain behaviour in the vicinity of notch tips in Zr-2.5Nb pressure tube material using in-situ 

loading in the SEM.  Compact tensile (CT) samples are loaded into a small tensile stage designed to fit in the SEM chamber.  Testing will be 

conducted while observing hydrides near the crack tip using secondary electron imaging, and taking exposures at regular intervals throughout the 

loading process.  Strain fields around the notch tip will be generated from the captured images using a post-processing technique called digital image 

correlation.  This software discretizes the images into subsets known as facets, and generates a strain field based on a 2-D interpolation of the relative 

displacements and rotation of these facets with respect to one another from one image to the next in the loading sequence.  In order to track the 

strains the software requires the images to contain finely distributed high-contrast features, with the strain resolution limited by the size and spacing 

of these features.  It is hoped that the small grain size in the Zr-2.5Nb pressure tube material (<1µm [3]), combined with optimized surface 

preparation, will provide sufficient local image contrast variation to produce an accurate strain map in the vicinity of a notch with a hydride.  Initial 

testing on notch-free samples shows the development of local strains from image correlation roughly equal to the bulk strain in the sample, as shown 

in Figure 2, which is promising. 

 

        
 

 

 

 

Conclusions and Future Work 
   The model of hydride precipitation in the vicinity of a notch has been developed to the point where comparisons can start to be made to 

experimental data.  Once such comparisons are done, some tweaking may be required to material parameters to find the best agreement with the 

experiments.  Initial testing of the in-situ SEM loading has begun, with further testing to occur once notched Zr-2.5Nb CT samples are prepared.  As 

well, experiments were performed in June at the Advanced Photon Source at Argonne National Laboratories using high-energy synchrotron x-rays to 

map notch-tip strains in the presence of hydrides.  When this data is fully analyzed, it will provide another comparison point for the finite element 

model.                                                                                                            
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[1] Leitch BW, Shi SQ. Accommodation energy of formation and dissolution for a misfitting precipitate in an elastic-plastic matrix. Modelling Simul. Mater. Sci. Eng. 4, 

281-292 (1996). [2] Leitch BW, Puls MP. Finite element calculations of the accommodation energy of a misfitting precipitate in an elastic-plastic matrix. Metallurgical 
Transacations A 23A, 797-806 (1992).  [3] Li Y, Rogge R, Holt RA.  Development of local microstructure and crystallographic texture in extruded Zr-2.5Nb tubes.  
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Figure 1. The single-layered gradient   

                coil insert in a 4T MRI 
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Figure 1: Model showing stress field (transverse stress) after hydride  

precipitation next to a micrograph of a real notch-tip hydride 

 

Figure 2: SEM image of Zircaloy-2 test sample and corresponding 

strain map after digital image correlation was performed 

 



On the evolution of lattice strains in Zircaloy-2 using Crystal Plasticity 
Hamid Abdolvand 
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Introduction 
Not only does twinning have an inevitable role in texture evolution, but it also affects lattice strain measurements and subsequent plastic slip 
deformation of materials.  In the present project, plastic deformation of HCP and FCC polycrystals were modeled considering twinning and slip as 
the major modes of deformation. Validation of FEM code was carried out by modeling Zircaloy-2 and comparing the results of the code for six 
different loading conditions (Tension/Compression along Normal ND, Transverse TD, and Rolling RD Directions) with that of Self-Consistent (SC) 
modeling and results of Neutron diffraction experiment (Exp) on the same material [1]. 
 
Methods and Results 
After application of a Genetic Algorithm along with SC modeling, the optimum parameters to model deformation plasticity of Zircaloy-2 were 
achieved and were then applied as inputs to the FE code. The top 525 strongest orientations, in terms of volume fraction, out of 2000 measured 
orientations were assigned randomly to 6800 second order cubic elements with 8 Integration Points (IP) per each. Rate dependent equations were 
incorporated in a Taylor-type crystal plasticity model [2] to determine total stresses at each IP based on stresses inside the matrix and the twinned 
zones. Critical volume fraction for generating a twinned zone at an IP was set to 2% and all of the slip systems inside the matrix were reoriented with 
respect to the most active twinning system in the matrix. Slip deformation was active in twinned zone whereas both slip and twinning deformation 
were active in the matrix IP. Different assumptions were taken to find out the best approach to update twining volume fractions during the simulation.  
Fig 1-4. shows the model and some results with updating twin size at each step. 
 

 
Fig 1.  Non homogeneity of stress distribution in the polycrystal 

 
Fig 2. Comparison between CPFEM, SC, and Experiment 

 
Fig 4. Lattice strains for compression and measurement along TD 

 
Fig 4. Lattice strains for compression and measurement along ND 

 
Conclusions                                                                                                              
Using inputs of SC, modeling in CPFEM code shows earlier yield predictions since grains are simulated by cubic elements compared to elliptical 
shape grains used in SC modeling. This leads to stress concentration at element (grains) edges and corners. Hence, in order to obtain better agreement, 
the critical resolved shear stresses of different slip and twinning systems would have to be increased to compensate for this shape factor. 
Alternatively wed can use CPFEM codes to investigate the effect of this local stress concentration. 
 
References 
[1] F. Xu, R.A. Holt , M.R. Daymond , Acta Materialia 56 (2008) 3672–3687 
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Study of the Natural Aging in Al-Mg-Si Alloys Using Electrical Resistivity Measurements and Positron Annihilation 

Lifetime Spectroscopy (PALS) 

 

Hossein Seyedrezai 
Department of Mechanical and Materials Engineering, Queen’s University, Kingston, ON, Canada 

 

Introduction 

 

Rising fuel costs and environmental concerns have motivated the development of alloys with high strength-to-density ratio in order 

to reduce vehicles weight. The use of the Al-Mg-Si alloys is attractive due to their light weight and reasonable strength after aging.  In 

the case of outer body panels, the alloy undergoes a paint bake cycle (PBC) which simply consists of heating the sheets at 180°C for 

20-30 minutes in order for paint to bake and maintain a good adhesion with the panels. In addition, this heat treatment can also result 

in a significant age hardening of the material due to the formation of β’’ precipitates. This is referred to as the paint bake response 

(PBR) of the alloy. It is well established that the occurrence of natural aging, i.e. aging at low/room temperature, prior to the paint-

bake cycle, reduces the PBR of Al-Mg-Si alloys compared to the case in which the paint bake cycle is carried out immediately after 

the solution treatment.  The poor PBR of naturally aged samples is attributed to the formation of small clusters of Mg and/or Si atoms 

during natural aging.  

 

The purpose of this work was to study the kinetics of solute cluster formation at low temperatures and to find a possible mechanism 

responsible for it by using various indirect experimental techniques. This work was done earlier in the department of materials science 

and engineering at McMaster University. 

 

Methods and Results 

 

A series of electrical resistivity measurements, positron annihilation lifetime spectroscopy and hardness tests were performed on 

samples aged at the temperature range of -20 to 50°C following solution treatment at temperatures of 525 and 560°C. The results 

showed that over the extended periods of time, the resistivity increases linearly with the logarithm of time.  More importantly, three 

clear stages of clustering were observed during natural aging. Not surprisingly it was found that the excess quenched-in vacancies are 

the key players in the cluster formation process. In the first stage, annihilation of near-sink vacancies occurs while other vacancies 

start to bind with solute atoms and form clusters. In the second stage, clustering continues to take place but its rate slows down since 

the effective diffusion coefficient of vacancies decreases as they bind with more solute. Finally the clustering process enters the third 

stage with much slower kinetics. Interestingly, positron annihilation lifetime also reaches a constant value at the beginning of stage III 

which suggests the stabilization of vacancies. Finally, using the cross-cut method, the activation energy of clustering was found to be 

approximately 45 kJ/mol which is relatively close to the migration energies of vacancies and magnesium atoms. 

 

Figure 1 Electrical resistivity measurement of sample solution 

treated at 560°C. 

Figure 2 Average positron annihilation lifetime in 560.RT sample 

(compare with the blue line in figure 1). The dashed line is only 

for visual guidance and has no physical significance. 
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Study of the Fatigue Behaviour of Textured Zircaloy-2 
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Introduction 
Zircaloy-2 is the calandria tube material for CANDU nuclear reactors.  During 
normal reactor operation pressurized coolant flow through the pressure tubes 
leads to vibrations causing fatigue of the core structural components which could 
eventually lead to fracture.  The fatigue of calandria tubes is still a new area of 
research; however, it is a growing concern in the nuclear reactor industry. 
 
Experimental Work 
Neutron diffraction data was collected by Feng Xu for in-situ fatigue tests of 
Zircaloy-2 samples.  The samples were loaded in each of the three principle 
directions and diffraction data was collected in both the principle and the poisson 
directions.  Peak fitting of the diffraction data was completed using GSAS[1] 
software (Figure 1), which allowed the lattice strains of different crystallographic 
planes to be calculated from the shift of the diffraction peaks.  This allows stress-
lattice strain curves like the one shown in Figure 2 to be produced.  From this 
data the deformation mechanisms at work can be studied, the occurrence of {10-
12} <10-11> primary twinning can be verified, shift of the fatigue hysteresis loops 
with increasing cycles can be observed and the purely tensile or compressive 
stress-strain relations can be extracted.  
 

 
Future Work 
Small Zircaloy-2 CT samples will be fatigue tested in different environments at an 
elevated temperature to simulate the conditions felt by a calandria tube within the 
reactor core to observe how these conditions affect fatigue life. 
 
References 
1. A.C. Larson and R.B. Von Dreele, "General Structure Analysis System 
(GSAS)", Los Alamos National Laboratory Report LAUR 86-748 (1994). 



Microstructural Characterization of Zirconium Excel alloy 
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Zirconium Excel alloy (Zr-3.5 Sn-0.8Nb-0.8 Mo) is the candidate material for pressure 
tube for Generation-IV CANDU® Super Critical Water-cooled Reactor (SCWR). The 
reason for its selection is because of its better creep resistance compared to the current 
pressure tube material, Zr-2.5Nb. Like Zr-2.5Nb, Excel alloy is a dual phase material, 
hcp alpha-Zr and bcc beta-Zr. 
Ongoing research 
Figure 1 shows the microstructure of the as received pressure tube material. Apart from 
the expected grain structure, typical of extruded pressure tube, some odd features are also 
present in the form of dark bands with a sharp boundary, crossing several grains and 
macroscopically aligned almost parallel to each other at an angle to the alpha grains. The 
attempt is to characterize these features and find the orientation relationship between 
these bands and the alpha-Zr grains. For this purpose, EBSD and CBED techniques have 
been used [J. W. Edington]. So far the results show that the crystal structure of the dark 
bands is hcp and there is a very slight misorientation in the range of few degrees. 
Understanding the exact nature of these bands requires more detail study of the 
orientation and perhaps chemistry of them. 
Another aspect of this research focuses on finding the best microstructure which gives 
higher creep resistance and strength, through different heat treatment. Five different heat 
treatments have been tried: solution treatment at 900°C for 30 minutes followed by water 
quenching and aging at 500 °C for 30 and 60 minutes, air-cooling, furnace cooling, and 
air-cooling to 500 °C aging for 30 minutes. The result of hardness test shows no evidence 
of hardening. 
Future work 
Uniaxial creep-rupture test will be done on samples cut from the axial and transverse 
direction of the pressure tube and heat treated as mentioned above. Furthermore, biaxial 
creep experiment will be performed on micro-pressure tube samples extruded with the 
same extrusion ratio as the pressure tubes in order to produce the same texture. Again, the 
above mentioned 5 heat treatments will be studied in biaxial creep test. 
 

 
Figure 1 Optical micrograph of Axial-Radial Cross section of the as received pressure tube; 500x  

Reference: J.W. Edington, Electron Diffraction in the Electron Microscope, Macmillan, 
December 1975 
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Introduction 
Zr-2.5Nb is the pressure tube material for 2nd and 3rd generation CANDU reactors. The properties are largely dependent 

upon the crystallographic texture of the hcp α-phase, which is developed during the extrusion stage of manufacturing in the 

α+β phase field. During extrusion, the formation of α may occur by growth of the pro-monotectoid α phase, thereby 

inheriting its texture, or by transformation of the β-bcc to α according to the Burgers relationship and influenced by variant 

selection. Variant selection has been observed in other Zr and Ti alloys, but the reasons for it are still unclear -- therefore, a 

series of experiments have been designed that will investigate this phenomenon. In situ measurements of the texture 

development of both during the α/β phase transformation as a function of temperature were made. A set of experiments that 

measured texture evolution under an external biasing stress has recently been completed; this will give a better 

understanding of the effects of stress. 

Experiment 
Neutron diffraction texture measurements were conducted at LANSCE, a high flux neutron facility at Los Alamos National 

Labs, in a high-temperature furnace on the High Pressure Preferred Orientation (HIPPO) beamline; comparable synchrotron X-

ray measurements under temperature and a biasing stress were made at APS. Samples were cycled through the α+β and β 

phase fields, making texture measurements at each temperature step. 

Preliminary Results 
Samples displayed variant selection during the both transformations, with the α texture inherited from β non-randomly via 

the Burgers relationship, producing a new preferred α variant with a strong axial (0002) component during the first heating 

and cooling cycle, Fig. 1b, only slightly modified by a second thermal cycle, Figure 1c. The texture of the β phase is inherited 

from the α phase on initial heating via variant selection; this selection process is not affected by prior cold work. However, 

cold work seems to have an effect on the final α texture, as some hoop {0002) component is retained. With a biasing stress of 

1.8 MPa applied in compression along the hoop direction, we see, again, that some of the hoop {0002} texture is retained, Fig. 

2d. In tension along the hoop direction, we instead see that a radial {0002} texture develops. Observation of the high-

temperature β-phase seems to indicate that selection on cooling is more easily influenced. 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Future Work 
Further analysis of the results obtained for all stress tests (stresses in hoop, axial, and radial directions), must be completed, 

including developing a better understanding of the deformation mechanics at play. This will allow for the testing of models 

currently being developed. Further, a creep rig (capable of 1200°C and 100MPa) has been developed in conjunction with 

LANSCE; further ND texture measurements using this apparatus at HIPPO are planned. 
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Figures 1 and  2:  Texture evolution for α-Zr {10-10}, {11-20} and 

{0002} planes  after cycling to the β phase field 

1: Texture: a) initially; b) after first cooling; c) after second cooling 

2: Texture: a,c) initially; b) after one cycle with a compressive hoop 

stress  throughout heating and cooling; d) after one cycle with 

compressive hoop stress on cooling only 
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Introduction 
Zirconium 2.5 wt% Niobium is used for pressure tubes in CANDU reactors. During reactor service hydrogen ingress will occur 
which over time can cause hydrides to form. Under stress hydrides are able to reorientate themselves to the radial direction 
which makes the pressure tubes more susceptible to Delayed Hydride Cracking (DHC). It has been previously predicted that the 
way the hydrides respond to an applied stress is associated with a dilational strain caused by the hydrides. There is currently no 
experimental value for this dilational strain which is required in DHC theories.  
 
A memory effect is a strong tendency for hydrides to form during re-precipitation in the same size, distribution and morphology 
as the previous hydrides during thermal cycling [1]. This occurs at a temperature above the solution temperature of the 
hydrides so that the hydrides are able to dissolve into the bulk Zr and then re-precipitate upon cooling [1].  
  

Methods and Materials 
This study uses two different sample designs. The first design is a stepped capsule which has a varying wall thickness which 
produces a varying hoop stress when an internal pressure is applied [2]. This enables the effect of stress on the memory effect 
to be analysed. Three different initial tube microstructures were tested so that the effect of microstructure can be assessed. 
The second sample design is a flanged capsule so that the outer dimensions can be measured and used to determine the 
dilation due to hydride reorientation. All of the stepped capsules have the same manufacturing conditions so that the strain 
associated with the reorientation of the hydrides can be determined.  
   

Preliminary Results 
The amount of hydride reorientation was analysed by fitting ellipses with the same area in pixels to the hydrides in each 
micrograph. The percentage of the total hydride length in each micrograph was grouped into six categories of 15 degree 
increments ranging from the circumferential direction. The two plots below show the orientation of the hydrides in MPT 67F 
and MPT 64B after being cooled with pressure. This confirms that as the hoop stress increases, the reorientation of the 
hydrides to the radial direction generally increases (Figure 1). MPT 64B showed higher reorientation than MPT 67F. Natural 
hydride samples have not yet been produced meaning that the existence of a memory effect cannot yet be analysed.  
 

 
Figure 1: Orientation of hydrides in MPT 67F and MPT 64B after being cooled with pressure. The numbers in the legend indicate the hoop stress 

in each sample in MPa 

Future Work 
Natural hydride orientation samples (samples in the as received condition) need to be produced so that the presence of a 
memory effect can be analysed. Metallography needs to be performed on the flanged samples and the third set of stepped 
samples to analyse the presence of a memory effect.  
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Introduction 

 The Elasto-Plastic Self Consistent model is a computer program created at Los Alamos National Laboratory (1) 

which is used to model the deformation of solids undergoing thermo-mechanical loading.  In order for this model to 

function, it requires an input file specifying single-crystal properties of the material to be modeled.  The parameters 

listed in this file include the elastic stiffness tensor, available slip and twinning systems, work hardening parameters, as 

well as several others.  Choosing these parameters correctly is essential to producing results that match empirical 

observations.  In order to find the best possible parameters, a genetic algorithm written by Charles Mareau was used to 

compare the model results to experimental macroscopic and lattice stress-strain data (2) collected on samples of 

Zircaloy-2, an alloy commonly used in the nuclear industry. 

Description of Algorithm 

 The genetic algorithm first reads in several input files telling it where to find the experimental data and model 

results, as well as the list of model parameters to be refined.  It then creates several different sets of possible 

parameters to be fed into the EPSC model; each one of these parameter sets is known as a chromosome, this group of 

chromosomes forms the first generation.  The chromosomes are then sent to EPSC in order to produce results which are 

then compared to the experimental data. The error between the model results and experimental data is defined as the 

weighted sum in the difference in area between the experimental and model-generated curves.  Once the first 

generation is completed the algorithm then uses the error to find which chromosomes were the most successful and use 

them to create a new generation.  This process repeats itself in order to converge to some set of parameters that 

produce the minimal amount of error.  No final results have been obtained yet, but sample of the output of a small, 4 

generation test run is plotted in Figure 1 below. 

 

FIGURE 1: PLOT OF STRESS STRAIN CURVES IN THE NORMAL DIRECTION 
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