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FLEXION MOMENT DIFFERENCES PERSIST MORE THAN ONE YEAR POST-ACL 
RECONSTRUCTION IN PAEDIATRIC SUBJECTS 

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

Elizabeth.Hassan@me.queensu.ca  
 
INTRODUCTION 
Although many patients are able to successfully return to sport and leisure activities after replacement of the anterior cruciate 
ligament (ACL), non-normal kinematics may be observed over a year after surgery. Although gait nominally returns to normal 
6 to 12 months post-surgery, multiple studies have noted that a reduced knee flexion moment is present during stance phase of 
gait, with larger differences observed during demanding activities [1–4].  
 
Surgical techniques that harvest a tendon autograft from either the patellar tendon (extensor) or hamstring tendons (flexors) 
have been specifically investigated [5-6] with the hypothesis that morphological changes due to the harvest procedure affect 
the function of the knee extensors and flexors.  Therefore, examining the knee flexion moment is a logical starting point for 
quantifying non-normal knee biomechanics post-ACL reconstruction. Techniques harvesting a hamstring tendon are 
particularly popular with pediatric surgeons because a soft tissue at the physes is thought to interfere less with normal growth 
[7].  We are planning a randomized study to compare conventional surgical technique with a combined semitendinosus and 
gracillis autograft against a new tightrope technique, which harvests semitendinosus only and can be adjusted after fixation.  
The purpose of the pilot study presented in this abstract is to develop the protocol for the larger study, assessing which 
activities are most likely to elicit limb-limb differences.  
 
METHODS 
9 participants were recruited from the practice of a local paediatric orthopaedic surgeon.  All were teenage athletes who 
underwent an ACL reconstruction with hamstring autograft between 6 months and 2 years prior to participation in the study 
and had returned to unrestricted sporting activities. Kinematic data was collected with a full body skin-fixed marker set 
(Figure 1) of passive, retro-reflective markers were tracked with a 12 Qualisys Oqus 
cameras (Qualisys AB, Gothenburg, Sweden).  Ground reaction forces were collected 
with four AMTI force plates (AMTI, Watertown, MA).  After a static trial, subjects were 
instructed to climb stairs, walk, walk backwards, hop off a step and perform 
unanticipated straight jogs, side and cross cuts.  
 
Data Processing and Analysis:  Data was collected and tracked in the Qualisys software 
package, QTM.  Functional hip joint centres, knee joint angles, forces and moments were 
calculated with Visual3D (C-Motion, Germantown, MD).  Principal Component Analysis 
(PCA) of the knee angle, force and moment waveforms was performed with a custom 
written algorithm in MATLAB.   
 
RESULTS  
The subjects were heterogeneous with respect to gender (2 males, 7 females), age (mean 
17), IKDC score (mean 87.8), height (mean 172.6 cm), weight (mean 71 kg) and affected 
limb (5 right and 4 left). The mean self-selected speed was 2.47 m/s (SD 0.17). Principal 
Component Analysis (PCA) (Deluzio & Astephen, 2007) was performed on flexion-
extension, abduction-adduction and internal-external rotation angle and moment 
waveforms, all of which were normalized over the stance phase and then compared with 
a two-way repeated measures ANOVA with a post-hoc Dunn-Sidak correction. The most 
significant difference between the operative and non-operative limbs (p=0.004) was the 
1st Principal Component of the flexion moment during side-cutting; corresponding to the 
amplitude of the flexion moment waveform. No statistically significant difference existed 
between the limbs for the walking activity (p=0.77). In general, the flexion moment 
waveforms for the operative limbs were wider and of lower magnitude, although these 
differences were not statistically significant for the straight jog (p=0.09) or cross cut 
activity (p=0.065). Average waveforms for both activities are shown in Figure 2, and the 
multiple comparisons are shown in Figure 3.  
 
DISCUSSION AND CONCLUSIONS 
Statistically significant differences in the flexion moment were observed during a demanding task, even though the sample was small, relatively 
heterogeneous and all subjects had returned to unrestricted sporting activities.  This supports previous work that showed persistent kinematic and 
kinetic differences post-ACL reconstruction, particularly during high demand activities.   The lack of differences observed during the less demanding 
straight jog, and the lack of differences in joint angles suggests that protocols that are comprehensive and multimodal are more likely to elicit 
clinically meaningful differences than those that collect gait kinematics only.  
 
REFERENCES 
[1] Bush-Joseph CA, et al. Am J Sp Med 29, 1, 36-41, 2001 [2] Hooper, DM et al. Clin Orthop 403, 168-178, 2002 [3] Timoney, JM et al. Am J 
Sports Med 21, 6, 887-889, 1993 [4] Webster, KE et al. Am J Sports Med 33, 2, 247-254, 1993 [5] Barenius, B et al. Intl Orthop 37, 2, 207-212, 
2013 [6] Makihara, Y et al. Knee Surg Sport Traum Arth 14, 4, 310-317, 2006 [7]  Utukuri, MM et al. The Knee 13, 5, 345-352. 2006.  
 

 

 
Figure 2: Side cut activity, average waveforms 

 
Figure 3: Multiple comparisons 
 

Figure 1: Full-
body marker set 



The Aspherical Hip: An In-vitro Study 

Sima Zakani 

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

INTRODUCTION 

According to Canadian Joint Replacement Registry (CJRR) [1], only in 2010-2011, there were 17,303 hip replacements performed in Canada 

with 10.1% revisions. More than 73% of these revisions were due to aseptic loosening, wear, and instability which raise the need for further 

investigation of hip biomechanics. The hip joint is often described as a “ball and socket” joint [2], which carries two key implications: 

congruent interacting bony joint surfaces and purely rotational relative motion [3].  This study challenges the kinematic description through 

investigating detailed motion of the hip joint during clinically relevant hip movements utilizing computer navigation technology. 

  

METHODS 

An in-vitro study was conducted using twelve fresh frozen cadaveric human hemi-pelvises, sectioned above L5 and at mid-femur with all the 

soft tissues intact. Three dimensional digital models of each specimen were generated through a systematic segmentation of computed 

tomography images, using Mimics software (Materialise, Leuven, Belgium). Local coordinate reference devices, mounted on the proximal 

femur and anterior-superior iliac spine, were tracked with an Optotrak active optical localization system (Northern Digital, Waterloo, CA). 

The position and orientation of the LCRs were then imported to custom virtual surgery software (iGo Technologies, Kingston, CA). The study 

used different soft tissue states as one variable and twelve gross passive motions as the other. The motions were combinations of 

flexion/extension, abduction/adduction and internal/external rotation. The entire series of motions were repeated for (I) soft tissues intact, 

(II) capsule intact and (III) completely disarticulated joint. Translation of the femoral head with respect to the acetabular cup at each frame 

was extracted from the recorded data. An Analysis of Variance (ANOVA) was used to determine whether the means of translations in each 

dissection states were significantly different. 

 

RESULTS 

Translatory motion was observed in all 

specimens. Significant differences were 

found between magnitudes of translation 

amongst various soft tissue states 

(p<0.001). Figure 1 shows decomposition 

of position and orientation data for a 

representative specimen as the femoral 

head was kept constant at 90 degrees 

flexion and taken through full 

abduction/adduction and full 

external/internal rotation. Highlighted 

areas indicate contact zones between the 

two articulating bones. Investigation of 

sudden changes in translational tracks of 

each femoral head, plotted as 2-D wave 

form, showed that there were correlation 

found between contact zones and 

excursions. Interestingly, three specific 

maneuvers were found to be more likely to 

cause maximal translations: ankle on knee 

(where the femure is flexed and externally 

rotated while being abducted), ankles 

crossed (where the femure is flexed and 

externally rotated while being adducted) 

and finally the pivot motion (where the 

femure is extended and externally rotated while the pelvis is abducted).  

 

DISCUSSION AND CONCLUSIONS 

The sub-millimeter accuracy computer navigation system facilitated detection of subtle translatory behavior in hip joint motion. The data 

provided evidence that femoral head translates with respect to the acetabular cup with or without any contact between the two bone, which 

was previously considered to be the main reason behind femoral excursions. The statistical significance found between translations 

exhibited at different soft tissue states is an indirect support of the aspherical adult hip, whose kinematics is driven by both soft tissue and 

the anatomy. The three specific motions that were found to lead to maximal translations have previously been reported to cause dislocation 

in patients undergoing total hip arthroplasties [4].  The results can be used to deduce that the arthritic hip does not have a ball-and-socket 

motion by an argument of contradiction. If the hip had a purely spherical motion due to articular shape, then changing soft tissues would not 

have disturbed this motion. This work towards an improved biomechanical model of the hip could help guide both surgical intervention and 

implant design, leading to improved outcomes for the thousands of hip surgeries in Canada each year.  

 

REFERENCES 
[1] Canadian Institute for Health Information. Hip and Knee Replacements in Canada: Canadian Joint Replacement Registry 2013 Annual. [2] Hammond, B. T., 

and John Charnley. The sphericity of the femoral head. Medical and biological engineering 5.5 (1967): 445-453. [3] Zatsiorsky, Vladimir M. Kinematics of 

human motion. Human Kinetics, 1998. [4] Nadzadi, Mark E., et al. Kinematics, kinetics, and finite element analysis of commonplace maneuvers at risk for total 

hip dislocation.  Journal of biomechanics 36.4 (2003): 577-591. 

Figure 1- Kinematic data displayed as a wave form. Top plot represents the decomposed 

rotations and bottom plot represents the decomposed translations.  

 



QUANTIFICATION OF 3D TRUNK POSTURE IN DAYCARE WORKERS – 

PRELIMINARY RESULTS 

Adam Labaj
 

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

  

 
Introduction: On-site workplace observations allow researchers to determine harmful aspects of work 

and implement mitigation strategies.  Daycare workers are a specific population that may be at a high 

risk of injury due to the unique loads and postures assumed through work. The purpose of the current 

study was to examine daycare workers throughout a shift and identify potentially harmful tasks, in 

order to make recommendations on how to prevent injury risk in the workplace. 

 
Methods: Data were collected for 17 female subjects (from 4 daycares) with a mean weight and height 

of 70.0 ± 14.0 kg and 163.5 ± 7.0 cm, respectively. Subjects were instrumented with a two dimensional 

postural Inertial Measurement Unit (IMU) [1] capable of monitoring pelvis and upper trunk orientation 

(not presented here) and trunk flexion/extension, lateral bending and twist. Postural and video data 

were recorded for the first half of the worker's shift (typically 3-4 hours). 
 

        
Figure 1:  Forward Flexion/Extension APDF for the 3 children age groups (baby (0-1.5yrs), toddler (1.5yrs-2.5yrs) and 

preschool (2.5yrs- ~4yrs) seen in the daycares. 

Results: Amplitude Probability Distribution Functions (APDFs) were calculated for each motion and 

were averaged for each of the three child age groups and for the group as a whole.  For forward 

flexion/extension (Fig 1) the baby and toddler groups showed forward flexion of 28.7º and 23.0º at the 

50
th

 percentile and 55.4º and 60.4º at the 90
th

 percentile respectively, whereas the pre-school values 

were much lower at 15.3º (50th) and 41.0º (90th). A similar trend was noted in the lateral bending 

APDFs and no differences between groups were noted in the twist APDFs. 

 

Discussion and Conclusions: There was a notable difference in trunk flexion-extension and in lateral 

bending between the age groups. The forward flexion results showed that for 10% of the shift, on 

average workers assumed postures of high flexion (>51º). Looking at each group individually suggests 

that working with the older children become less posturally demanding than the younger age groups.  

However, all groups demonstrated large forward flexed postures that could be harmful.  Future work 

includes task specific posture data, from video, to be analyzed in order to isolate the tasks with the 

highest risk of injury as well as lifting posture analysis. 

 

References:  

[1]  Plamondon, A., et al. (2007). Evaluation of a Hybrid System for Three-Dimensional Measurement  

of Trunk Posture in Motion. Applied Ergonomics. 38 (697-712). 



Analysis of Bearing System in Controlled Passive Energy Management (CPEM) Prosthetic Foot 

Greg Esau 

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

Synopsis 

Since its invention, the Niagara foot model 2 has undergone 21versions in preparation for large scale release.  With a looming mass production run, 

the final problems with the model 2 are being addressed, and lessons learned are being compiled for an upcoming third model.  Because the Niagara 

Foot is an injection-molded plastic component, it is not viable to change design aspects without permanently modifying the molding tool. Therefore, 

proposed design changes for M2 and design features for M3 must be based on careful review of current performance.  Several ideas have been 

generated and modeled, with the most promising being optimization of a Controlled Passive Energy Management (CPEM) feature. 

Introduction 

The Niagara Foot is a low cost performance foot intended to restore mobility and quality of life to a variety of demographics, notably low income 

regions.  It was designed for manufacturability, customizability and durability.  One feature, dubbed “Controlled Passive Energy Management 

(CPEM)” is being developed to not only tune the force displacement characteristics, but also the rollover sensation that patients experience.  The 

CPEM is comprised of a bearing surface and twin protrusions known as “horns”.  Where most energy management in prosthetics is performed by 

means of a spring component, opportunity for passive management of pre-existing elastic components permits a more customizable user experience 

without extra system complexity.  A Nylon 6,6 bearing was added to prevent noise generation, however wear still occurs on the horns throughout the 

foot’s lifecycle. 

 
Figure 1:  Terminology of Niagara Foot M2 

 

Figure 2:  Terminology of the 

CPEM 

 
The CPEM functions in three 

ways; it provides a stable platform 

for a patient to stand on, it 

distributes stored energy between 

the C spring and the toe, and it can 

be tuned to match the patient’s 

preferred action. 

Methods and Results 

A literature review and questionnaires were used to generate a list of expected and quality features as defined by the Kano system for different user 

groups.  The foot was conceptually divided into geometric regions and each of these was subdivided into a series of engineering variables.  These 

were used to construct a quality function deployment, which was weighted based on data from past experimentation.  The quality function 

deployment showed that the most important features to review were the toe material quality, heel sagittal geometry and CPEM sagittal geometry.  

The toe material quality has been addressed and is currently being tested, and after thorough review and patient input the heel geometry was left in its 

current configuration.  The CPEM, though functioning, was deemed non optimal, and thus the design review was focused on the sagittal geometry.  

An area of concern was the fact that the bolt hole that connects the foot to its adaptor is located anteriorly to the point of contact in the CPEM.  This 

causes a significant rise in both the moment in the top plate and a very large force in the CPEM itself. 

 Current Configuration Horns moved 10mm anteriorly 

Vertical force in C spring 2601N 1849N 

Vertical force against horns 3756N 3005N 

Peak Moment 104N*m 92N*m 

Video footage and contact film was then used to find both the contact area in the CPEM  (250mm2) and the relative velocity between the horns and 

the bearing surface (6.35mm/s.)  This was then used in conjunction with the static forces to calculate the pressure velocity (PV) values of the bearing 

interface.  It was found that the current configuration has a PV value of 2724 [psi ft/min] and the 10mm anterior horn variant has a PV value of 2179 

[psi ft/min].  These can be compared to the recommended maximum PV values for Nylon 6,6 (~3000 [psi ft/min] [1]) and Hytrel (1800 [psi ft/min] 

[2]).  While both the current and proposed geometries are safely below the Nylon 6,6 PV values, they both remain above that of Hytrel.  This 

indicates that further geometric changes must be made to either the geometry of the horns to increase the area or the contact vector to reduce relative 

velocity. 

Conclusions 
An appropriate PV value must be achieved without jeopardizing other features of the foot.  Although there is potential to increase the contact area, 

this will likely require changing the top plate transverse geometry as well as the horn sagittal geometry.  Every time a variable is changed, testing 

must be performed.  Mathematical optimization of the parameters is difficult due to the many constraints and unknown variables that could 

negatively affect patient comfort.  Once an optimization is decided upon, it will be prototyped and tested thoroughly.  If this is successful, changes 

may be incorporated in the new molding tool. 

Sources 
[1]  A. Harnoy, Bearing Design in Machinery: Engineering Tribology and Lubrication, CRC Press, 2002.  
[2]  Dupont Plastics, "Hytrel Design Module V," Dupont Plastics. 

 



Design and Implementation of Mobile Image Overlay System for Needle Interventions 

Manjunath Anand 
Department of Mechanical Engineering and Laboratory for Percutaneous Surgery, Queen’s University, Canada 

Supervisor: Dr. Gabor Fichtinger 

BACKGROUND: Many medical procedures such as biopsies, spine injection, needle based aspirations, local ablation therapies 

are performed percutaneously (i.e., through the skin). A static [1] and adjustable [2] image overlay system was previously 

proposed to aid image-guided needle interventions. Increased calibration time, prone to misalignment, limited access around the 

patient, structural deformation and vibrations, and limited precise movement were the drawbacks associated with the previous 

systems. To overcome these limitations, we propose a mobile image overlay system of much lighter weight and smaller 

dimensions, as well significantly better image quality and intrinsic accuracy.  

OBJECTIVES: The aim of the project was to design and develop a mobile image overlay system. The design activities include 

hardware design and prototyping, developing 3D visualization module, integration of optical tracking system for dynamic 

tracking and experimental validation of the system accuracy.  

METHODS: The proposed system (Fig. 1) consists of i.) viewbox, ii.) optical tracker and iii.) host computer. The viewbox (Fig. 

2a) consists of tablet device, mirror and laser source similar to [1]. A host computer was required due to insufficient 

computational capacity to run image re-slicing software and non-availability of IEEE-1394a interface for optical tracker with the 

tablet device. The 10.1” tablet and beamsplitter (Reflection/Transmission=75/25) were the display device and mirror used. The 

tablet device is connected as secondary display device with the host computer through wireless network. A line type laser source 

is used to indicate the physical location of virtual image overlay plane over the patient. The display device and the mirror are 

attached together and the virtual reflected image is seen through the mirror. A set of planar markers are displayed in the virtual 

image overlay plane which is directly seen by the optical tracker for automatic self-calibration (Fig. 3). The viewbox is equipped 

with planar marker on the sides to determine the pose of image overlay plane during the entire procedure. Another set of markers 

are fixed upon the patient for co-registration of scanned images and the viewbox w.r.t patient position. The system can be hand-

held by the physician and used for exploration of the image volume over the patient. The image re-slicing software displays the 

correct image in real time corresponding to the 3D position of the image overlay plane i.e. the system w.r.t patient. The intended 

clinical applications of the system are parathyroidectomy, musculoskeletal needle injection, percutaneous access to blood vessel, 

and percutaneous nephrolithotomy (Fig. 4).  

 
Fig. 1: System concept 

 
Fig. 2: viewbox design (a) and prototype (b) 

 
Fig. 3: Auto-calibration 

 
Fig. 4: Clinical application 

RESULTS: An experimental study with 10 repeated trials was conducted to determine the accuracy of virtual marker pose 

detection by MicronTracker. For each trial, minimum of 300 poses were recorded w.r.t tracker coordinates. The recorded 

precision for current and previous system [1] were 0.11mm (STD=0.05) and 0.55mm (STD=0.05) respectively. The viewing 

angle through the mirror is 20
o
 as compared to 7.5

o
 for design similar to earlier system described in [1]. Needle of length up-to 

125mm can be used. The viewbox weight of the current system is 1.0kg as compared to the previous system [2] which was about 

8.2kg. The phantom registration using MicronTracker was repeated 10 times and the root mean square error for fiducial 

registration was 1.35mm (STD=0.14). 

DISCUSSION: The objective of the proposed design was to completely mobilize the system and improve the accuracy compared 

to earlier systems. The viewbox weight of the current system was reduced by 8.2 times and image overlay plane detection 

accuracy was improved by 3.2 times compared to previous system [2], thus enabling the system to be hand held by the physician 

and explore the image volume over the patient. The image overlay plane detection accuracy was comparable to the tracking 

accuracy of the MicronTracker device. Thus validating our initial hypothesis of achieving higher accuracy with high 

luminescence display and R/T ratio mirror. Based on successful pre-clinical testing of the previous static image overlay system 

[1], the mobile image overlay system with reduced weight, increased tracking accuracy and easier maneuverability can be used 

for wide range of procedures. The 3D Slicer module developed so far can display the sliced image upon the tablet device, further 

development is in-progress to specify the target and entry point and generate the needle insertion line. Phantom and cadaver 

studies need to be performed to evaluate the accuracy.  

ACKNOWLEDGEMENTS: This work was in part funded by Cancer Care Ontario through Applied Cancer Research Unit and Research Chair 

in Cancer Imaging grants; the Discovery Grant of NSERC, Canada; National Center for Research Resources and National Institute of 

Biomedical Imaging and Bioengineering of the NIH USA, through grant numbers P41EB015898, P41RR019703 and R01 CA118371. Gabor 

Fichtinger was funded as Cancer Care Ontario Research Chair.  

REFERENCES: [1]. Fichtinger et al. "Image overlay guidance for needle insertion in CT scanner," IEEE Transactions on Biomedical 

Engineering, (52:8), 2005, pp. 1415-1424.  [2]. Anand et al. “Workspace Analysis and Calibration Method for Mobile Image Overlay System 

used for Image-Guided Interventions,” The Hamlyn Symposium on Medical Robotics – 2013. 



Sensorimotor Control of Head Stabilization in Pigeons 

Andrew Saleh 

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

 

Introduction 

    It has been observed that the gait cycle of pigeons can be divided into two alternating phases: the hold phase, where the head is kept stationary at 

one point in space, and the thrust phase, where the head is accelerated forward to a new position in space [1]. If pigeons had similar tools for 

obtaining sensory information as humans (namely the visual and vestibular systems), it would follow that the hold phase of the gait cycle would be 

controlled exclusively via feedback control. However, it has been proposed that pigeons may also possess a sensory organ in their lumbosacral region 

that would allow them to measure accelerations in the body directly, thus potentially also allowing for feedforward control in head stabilization [2]. 

The purpose of this study is to analyze the pigeon’s head stabilization response in order to determine whether or not there is any feedforward 

component in the pigeon’s response.  

 

Methods 
    Five pigeons were each placed in a cage that was fixed in place on a treadmill belt. The cage included a perch so that the pigeon would not move 

its feet during the experiment. The belt was oscillated sinusoidally at a range of logarithmically-spaced frequencies, such that peak velocity was 

constant between frequencies. Head and body position were measured using optical motion capture. A pattern of black/white alternating bars was 

projected on either side of the pigeon to give it something to fixate on and keep stationary.  

 

Preliminary Results 
Figure 1 shows one pigeon’s Bode plot (magnitude and phase response) at frequencies of 0.1, 0.3, 0.6, 1, 3, and 6 Hz, and a constant peak velocity of 

138mm/s. The phase data behaves as expected, with the lag increasing at higher frequencies. The magnitude, however, is lower than it should be at 

the lower frequencies. This can perhaps be explained by the fact that the lower frequencies present less of a challenge for the pigeon in terms of head 

stabilization, and therefore the pigeon can be easily distracted and not focused on stabilizing its head under these conditions. 
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Fig. 1: Bode plots (magnitude and phase response as a function of frequency) for one of the pigeons 

 

Future Work                                                                                                              
       To further study the role of a possible lumbosacral sense organ, we will also conduct this experiment in the dark, to negate the effects of the 

visual system. We will also investigate the case of partial visual information by conducting the experiment under flickering light at different 

frequencies. Another parameter that can be varied is the peak velocity of the treadmill belt, which will indicate whether the choice of peak velocity is 

important in determining the pigeon’s response. We can also vary the orientation of the cage on the belt (and therefore the body) to determine if the 

gain changes depending of the orientation of the lumbosacral organ in relation to the perturbation direction. Finally, the visual stimulus can also be 

varied to see if the spatial frequency and/or contrast of the bar pattern affects the response of the pigeon.  

 

References 
[1] Davies MNO, Green PR. Head-Bobbing During Walking, Running and Flying: Relative Motion Perception in the Pigeon. J Exp Biol 138, 71-91 (1988).  

[2] Necker R. The structure and development of avian lumbosacral specializations of the vertebral canal and the spinal cord with special reference to a possible function 
as a sense organ of equilibrium. Anat Embryol 210, 59-74 (2005). 
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An Experimental Investigation of the Flow Over and Through an Airfoil Shaped Strut in a Confined Duct 
James Crawford 

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

Figure 1: Typical  Compact Exhaust System 

Figure 2: Test Rig Model 

Figure 3: Profiles 0.8c Downstream of Trailing Edge (a) Velocity (b) Vorticity 

The flow in and around an airfoil shaped strut, typical of those found in advanced gas turbine exhaust systems, was 
investigated experimentally with ambient temperature and pressure air.  Assessing and characterizing the cold flow 
performance of the test rig was a necessary first step towards the ultimate goal of investigating the heat transfer through 
the strut both computationally and experimentally.  In terms of the flow around the airfoil, the influence of Reynolds 
number, airfoil angle of attack, and of downstream wake confinement were investigated in terms of their effects on 
overall losses, local momentum deficits, turbulent wake spread rate, and vortex generation.  In terms of the flow inside the 
airfoil strut, it was discovered that although the Reynolds number of the mean flow was fully turbulent, because the airfoil 
is quite short, the effects of the laminar boundary layer development were significant for the range of flow rates tested. 
Introduction 
Advanced gas turbine exhaust systems, such as the generic system shown in Figure 1, often make use of a shaped 
centrebody to provide optical blockage of the last turbine stage.  This significantly reduces the infrared (IR) signature of 

the engine, which is beneficial in many applications.  A well designed exhaust system is a net diffuser, and so the pressure 
along the centrebody is typically subatmospheric, which provides an opportunity to realize passive cooling of the 
centrebody surface.  In order to do this, however, the airfoil shaped struts that provide structural support to the exhaust 
system must be hollow.  The cool air flowing through the inside of these hot struts creates significant temperature gradients, 
leading to significant thermal stresses, and potential structural failure.  There is a desire to understand whether it is possible 
to model the flow and heat transfer around these struts using modest computational grids and commercial CFD codes.  To 
this end, the experiments described in the present work will be used both to provide fundamental physical insight into the 
flows, and as a tool to validate future CFD simulations. 

Methods and Results 
The flow around an airfoil strut was tested by constructing a stainless steel test rig with a rectangular cross section with a 
hollow NACA 0020 airfoil placed in the centre of the cross section.  The airfoil was rotated in 10° increments, and 3
installed downstream of the airfoil to investigate the influence of confining the separated wake at high angles of attack.  The test rig is shown in Figure 2.  
Three dimensional time-averaged velocity fields were measured in the airfoil wake using seven hole probes for each case, and for selected tests, a uniaxial hot 
wire anemometer was used 
to characterize the 
instantaneous velocity 
fields.  The velocity field 
measured in the near wake 
of the airfoil at a 20° AOA 
is shown in Figure 3 (a).  
Contours of axial velocity 
are plotted with vectors of 
in plane velocity 
components.  Qualitatively, 
the momentum deficit in the airfoil wake appears as the 
axial velocity deficit in the middle of the duct, while the 
secondary flow vectors show the flow on the suction (right) side of the airfoil has been directed to the left, as expected.  The in plane vorticity, which is a 
measure of rotation, was derived from the velocity field and plotted in Figure 3 (b).  Four wall-airfoil inferface vortices, which are not apparent from the 
secondary flow vectors, are clearly visible in this plot.  The results show that with increasing angle of attack, the interface vortices on the pressure (left) side 
of the airfoil are simply transported further to the left, without increasing in size.  The vortices on the right side of the airfoil are transported in a similar 
fashion, although the negative pressure gradient on the suction side causes these vortices to stretch in the width-wise direction with increasing angle of attack. 
String tufts were also attached to the rig to

 different lengths of ducting were 

 characterize the width of the turbulent wake at various downstream locations, as well as to identify the point of first 

performance was characterized in two ways.  An auxiliary blower was connected to the airfoil strut, and 

stall on the airfoil surface.  The onset of stall was observed to be somewhere between 10° and 20° AOA, which is consistent with the literature.  Limitations of 
the test rig made it impossible to improve the resolution of that observation.  In terms of the turbulent wake, it was shown using the hot wire anemometer that 
the string tufts were an excellent indicator of the turbulent wake width.  It was then shown using several rows of tufts that the wake on the pressure side of the 
airfoil was unaffected by the addition of additional downstream ducting to confine the wake, while the spread rate of the wake on the suction side was 
increased when additional ducting was added. 
In terms of the flow through the airfoil, the 
configured to blow air through the strut.  The time-averaged velocity profile was then measured using a seven hole probe traverse.  The blower connection 
was then reversed, and the blower was configured to suck air through the airfoil.  A pitot-static tube was mounted in the ducting connecting the strut to the 
blower, allowing for direct measurement of the total pressure drop through the airfoil.  Both sets of results suggest a significant Reynolds number effect that is 
the result of laminar to turbulent boundary layer transition.  Although the flow through the airfoil was fully turbulent (ReD ~ 105), the strut is quite short, and 
the Reynolds number based on the length of the strut ranged from 7.5x104 – 5x105.  This is quite close to the typical transition point for a flat plate boundary 
layer (Re ~ 4x104), suggesting that at the lowest flow rates tested, the transition point may have been as much as 50% of the way along the flow length.  This 
is a potentially extremely significant effect, because heat transfer rates in laminar and turbulent boundary layers are drastically different.  Boundary layer 
transition is also a notoriously difficult problem to model with RANS based CFD, and so this effect may also complicate the computational investigation. 

Conclusions and Future Work 
Some experimental data characterizing the cold flow through and around a typical airfoil strut have been presented and discussed.  The influence of several 

e parameters, including Reynolds number, airfoil angle of attack, and downstream wake confinement has been investigated.  A similar experimental programm
will be repeated using hot flow.  A comparison of the differences between the hot flow results and these results will allow the effects of heat transfer on the 
mean flow to be isolated and discussed in greater detail.  As a parallel activity, the present experiments can be modeled using RANS based CFD, and the 
ability of RANS based CFD to model this type of flow can be investigated. 
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Performance Improvement of a Liquid Desiccant Air Conditioner 
Chris McNevin 

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

The objective of the study was to improve the performance of a solar thermally powered lithium chloride based liquid desiccant air 
conditioner. TRNSYS simulations were used to predict the performance of the system with a variety of different changes to determine the impact on 
performance. Several different methods have been found that would improve the performance to make the device competitive versus more traditional 
cooling devices. Upgrades and tests were planned for the summer of 2013 but due to equipment failures and a lengthy repair process this was not 
possible. Due to the short Canadian cooling season, only several days of test data were collected, but the results indicated a loss of performance due 
to the repairs and reduced cooling water flow rates.  
Introduction 

In North America, summer time peak electricity load demand is increasing at a rate higher than new power sources are being supplied [1]. 
Much of this is due to the use of air conditioners on hot summer days. To maintain comfort levels while still reducing peak electrical power draw, 
research is being undertaken on a solar thermally driven liquid desiccant air conditioning system. This system’s main components are a pair of heat 
and mass exchangers that feature a low-flow desiccant solution (roughly 40% lithium chloride and water), an internal cooling/heating water stream, 
and a stream of air flowing in a cross-flow configuration. One of these exchangers, called the conditioner, is used as an absorber and utilizes the 
desiccant to dehumidify the process air stream, diluting the desiccant in the process. The other exchanger uses solar thermal energy to heat the 
desiccant, driving off moisture to the atmosphere in a savaging air-stream with the goal of increasing the salt concentration of the desiccant. The first 
phase of this project installed the system at a test facility and ran experiments using a natural gas boiler as the heat source. This data was used to 
create a TRNSYS simulation of the entire system [2]. The second phase installed a solar thermal array and updated the model to include the 
collectors [3]. The current research was originally planned to update the system with the goal of improving its performance (by reducing both 
electrical consumption and thermal). Due to damage to the conditioner, the planned upgrades and experiments for the summer 2013 cooling season 
were cut short since repairs had to be made first. TRNSYS simulations were also undertaken to predict the performance improvements using several 
methods designed to target specific sources of high energy consumption. 

 
 

Methods and Results 
Initially data collected over the summer of 2012 was analyzed and compared to manufacturer specifications to determine the power draw of 

various system components. This is shown in figure 2. This was used to find the areas of high power consumption that could be lowered to improve 
the electrical coefficient of performance (eCOP). The heating and cooling water pumps were found to use just over half the total power consumed by 
the system. The TRNSYS model previously created in previous phases of the project [2, 3] was updated to accurately match the experimental results 
for power consumption. New high efficiency variable speed water pumps were modeled in TRNSYS and showed an improvement in eCOP by 50-
57%. Simulations were also completed to evaluate a variety of different ways of improving the system’s eCOP and several promising techniques 
were identified, (Table 1). During the system setup at the start of summer 2013, it was discovered that several system components had been damaged 
(due to freezing) during the winter including the conditioner. Plans to upgrade the system had to be placed on hold in order to complete repairs which 
ended up taking most of the cooling season. Preliminary tests were completed during early September, however, the repaired conditioner could only 
be operated at reduced flowrates and pressures.  Attempts were made to find more optimal running conditions by varying other system parameters 
including regeneration temperature and desiccant flow rates. 
Table 1. Results of Performance Improvement Simulations 

	   eCOP	   TCOP	   Total	  Cooling	  
(kW)	  

Latent	  Cooling	  
(kW)	  

eCOP	  Improvement	  
(%)	  

TCOP	  Improvement	  
(%)	  

original	  simulation	   -‐	   0.44	   12.2	   13.2	   -‐	   -‐	  
new	  eCOP	  simulation	   2.37	   0.44	   12.2	   13.2	   -‐	   -‐	  

New	  Pumps	   3.67	   0.44	   12.2	   13.2	   54.9	   0.00	  
New	  Pumps	  and	  PV	  Powered	  Cooling	  Tower	  (9.78m2)	   4.39	   0.44	   12.2	   13.2	   85.2	   0.00	  
New	  Pumps	  and	  Building	  Exhaust	  Air	  to	  Cooling	  Tower	   3.83	   0.45	   12.7	   13.4	   61.6	   2.27	  
New	  Pumps	  and	  Building	  Exhaust	  Air	  to	  Regenerator	   3.69	   0.44	   12.2	   13.2	   55.7	   0.00	  

Conclusions 
The results of the simulations indicated several methods that show promise for improving the performance of the machine, such as using 

new pumps, using PV panels for pumps and fans and rerouting waste air. Experimental work, while set-back due to the required repairs, produced 
results indicating the machine was still a viable test unit, although performance from previous tests is reduced somewhat. Future work includes 
modeling the following in TRNSYS to investigate: stratified desiccant storage tanks, heat recovery ventilators and improved control schemes. 
Preliminary work on these topics indicates both eCOP and TCOP can be improved. 
References 
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Performance of Liquid Desiccant Air-Conditioning: Heat Rejection 
Danial Salimizad 

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

The increased demand for space cooling systems and the resulting summer peak electrical demands are motivating research into thermally-driven air-
conditioning systems that can use renewable or waste heat. One promising technology is the use of a Liquid Desiccant Air-Conditioning (LDAC). These 
systems can utilize low-grade heat to drive a chemical dehumidification cycle but usually have low thermal Coefficients of Performance (COPt). They 
do, however, have potentially high electrical Coefficients of Performance (COPe) resulting in lower electrical energy consumption.  Unfortunately, 
experience gained form the operation a commercial LDAC at Queen’s has revealed that electrical COPe was also lower than expected [1].  This results 
from high energy consumption for pumps and fans associated with the operation of the unit.  In particular, power consumption associated with the 
rejection of heat from the unit is significant and severely reduces the advantages of the unit.  

A consequence of any thermodynamic cooling cycle is that “machine” must reject the energy associated with, not only the desired cooling and 
dehumidification (i.e., air-conditioning), but also the thermal and electrical energy used to drive the cycle.  Currently, a fan-driven cooling tower is 
utilized on the system but its power consumption is significant.  Therefore, the focus of my study at Queen’s is to identify and compare alternative 
methods of heat rejection that require much less power than the fan-driven cooling tower.  If this can be achieved, electrical energy use will be reduced 
and the economic viability of the system will be greatly improved.  
 

Introduction  

Cooling towers often consume significant amounts electricity and are not controlled for partial loads. Investigation of existing air-conditioning systems 
shows that up to 50-60 % of the total electrical consumption in these systems is used for heat rejection. Small capacity “wet” cooling towers are also 
relatively expensive and require significant maintenance. Wet cooling towers have to be shut down in winter and have also been linked to health risks 
associated with the Legionella bacteria (i.e., Legionnaires’ Disease).  “Dry cooling towers” do not present the same risk but are less effective as they 
cannot operate below ambient air temperatures. Hybrid coolers (i.e., dry and wet) have been used as a year-round solution but very few systems are 
available on the market and they have high fan power requirements and are expensive. An alternative approach for dry or wet coolers is to eliminate the 
“grid-supplied” electricity used to power the fans through the use of PV cells, or  to eliminate the fans altogether through the use of natural convection air 
circulation, solar chimneys, turbine ventilators or hybrid systems. 

The need to reject heat in thermodynamic cycles has prompted power plant operators to locate their facilities near lakes and rivers as an effective and 
economical source of cooling.  Although effective, most buildings are not situated adjacent to a cool water body.  Many houses, however, are adjacent to 
swimming pools that may be suitable for rejecting heat.  Local spray ponds have also been used in commercial systems as an alternative to cooling 
towers but these may also have potential health risks if not carefully maintained. Alternatively, it may be possible to store heat geothermally through 
ground heat exchange loops, boreholes or ground-water (aquifer) wells.  If appropriately placed, ground temperatures may remain reasonable constant 
throughout the year offering a continuous heat sink.  Other solutions that have been investigated [2]; include the use of phase-change heat storage 
materials (PCMs) that can be used to shift most of the load coming from air-conditioners from peak to off-peak time periods, thereby lowering electrical 
energy costs and opening the potential for night-time radiant cooling in certain climates. 

Methods and Results 
The total cooling capacity and COPt of a LDAC also depends on: the type of desiccant used; its concentration and temperature; the unit’s thermal 
design and the temperature of the heat supply and rejection sinks.  In the case of wet and dry cooling towers, their effectiveness may also depend on 
ambient air temperature and humidity levels. The ultimate feasibility of replacing a direct evaporative (i.e., wet) cooler with other available techniques, 
such as dry coolers, geothermal sinks, natural ventilation circulation, or spray ponds will depend on their capacity, sink temperature and cost.   In the 
absence of convenient pools or ponds, ground -source heat exchangers would appear to be the most promising technique. This system does depend 
strongly on the ambient air-temperature or relative humidity and instead provides a relatively constant ground temperature. However, the high capital 
cost of drilling boreholes or wells, may be a deterrent and is highly dependent on local soil conditions. 
One simple method is to reduce electrical demands on the grid is to power fans with photovoltaic modules.  Recent cost reductions in PV solar cells 
have made this a promising alternative if access to sunlight can be achieved.  Air circulation, driven by wind currents or thermally induced natural 
convection, may be possible but may require increased heat exchange surfaces adding to costs.  
To compare various options, a computer simulation model of the Queen’s LDAC unit [1] was modified to allow the various heat rejection technologies 
to be evaluated.  Initially the model was used to estimate the effect of cooling water temperature on unit COP.  From this, alternative heat rejection 
options can be evaluated.  Finally, both simulation and experimental data were used to develop a simplified relationship that can be used to evaluate the 
effects of heat rejection technique and temperature level.  
Conclusions  

The use of evaporative cooling methods, such as, cooling towers or spray-ponds, provides the highest unit thermal performance but may be impractical or 
expensive to operate. There is potential to reduce energy consumption in cooling towers by varying fan speeds according to load but this may not be 
feasible during period of high load. “Ground-source” cooling techniques can also result in high cooling performance, but the cost of installment may be 
prohibitively high or the local ground conditions may be unsuitable. Results also indicate that there is a strong dependence between the cooling capacity 
and the heat rejection temperature, e.g., a 5-8% thermal performance improvement for every degree of cooling water temperature reduction. 
 
The final output of this research will be the identification of the most promising heat-rejection options for various climatic conditions. 
 
 
 
[1] Lisa Crofoot, Experimental evaluation and modeling of a solar liquid desiccant air conditioner, MSc Thesis, Department of Mechanical Eng., Queen’s University. 
Oct/2012. [2] Subtask A Report A2, Collection of selected systems schemes “Generic Systems”; A technical Pre-engineered systems for residential and small commercial 
applications, IEA SHC Task 38 SACR, Nov/2009. 
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Shock Ignition of Hydrogen-n-Heptane-Air Mixtures at Compression Engine Conditions 
JD MacLean 

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

Synopsis 
 The use of supplemental diatomic hydrogen mixed in with diesel fuel has the potential to reduce emissions. Hydrogen has a very wide 

flammability limit, e.g., only 5% hydrogen by volume in air is required to propagate a flame. In a diesel engine a significant portion of the 

unburned hydrocarbons leaving the exhaust port is due to over-mixing of the diesel vapour and the air to a composition below the flammability 

limit. The presence of hydrogen mixed in with the air allows significantly more of the diesel fuel to participate in the combustion. The addition 

of hydrogen into the over-mixed fuel will affect the ignition delay time and thus influence the ignition quality. There is no experimental data on 

auto-ignition of hydrogen-diesel air mixtures in the literature. One of the objectives of this project is to generate such data that can be used in 

support of actual engine testing. 

Experiment 
 Shock tube studies have been undertaken to measure the ignition time delay time of hydrogen-diesel-air gaseous mixtures. Diesel engine in-

cylinder pressure and temperature at the time of ignition can be produced at the end of the shock tube behind the reflected shock wave. The 

pressure and temperature can be changed by modifying the incident shock wave strength and initial pressure. Initially cold shock tube testing will 

be performed using n-heptane as a gaseous surrogate for diesel fuel. The ignition delay time, a measure of ignition quality, will be measured for 

different amounts of hydrogen addition over a broad range of reflected shock temperature. The onset of reaction will be characterized by 

detecting chemiluminescence, specifically the emission associated with the CH radical. See apparatus in Figure 1. 

Results and Conclusions 
 The ignition delay time can be measured from when the initial shock wave reaches the end plate until the onset of ignition, see Figure 2. 

Preliminary results of ignition delay time as a function of reflected temperature for stoichiometric heptane-air mixtures are compared to those 

gathered by Hartmann [1], see Figure 3. Results fall within the wide spread at 40 bar reflected pressure. Tests at 30 bar show there is minimal 

effect of reflected pressure on ignition delay time. With the addition of supplemental hydrogen (2-3% by volume) into the n-heptane-air mixture, 

the ignition delay time becomes longer than the available test time. In order to extend the test time, the shock tube driven was lengthened and the 

shock tube was operated under tailored condition, see Figure 4. The test time is now more than double the original time (1.85 ms vs 0.87 ms) at 

similar test conditions, allowing for further tests with hydrogen-n-heptane-air mixtures. 

         
                              Figure 1: Experimental apparatus                                                               Figure 2: Ignition delay time pressure trace 

 
 Figure 3: Ignition delay times for stoichiometric n-heptane-air mixtures                                      Figure 4: Tailored test time 
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A subfilter-scale stress model for large eddy simulations
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Synopsis

We have proposed a new length-scale as an approximation of the integral length-scale and a new eddy viscosity type model is introduced
accordingly. The new model was applied on homogeneous isotropic turbulence and plane channel flow at various Reynolds numbers and
grid independence was achieved in all cases successfully. The model was found to have a better performance comparing to the Dynamic
model by Germano et al.[1] (one of the widely used subgrid models).

Introduction

In recent years large eddy simulation (LES) has become more frequently used in industry for complex engineering flows due to its computa-
tional cost; LES does not require the high expense of the Direct Numerical Simulation (DNS) while providing sufficient information about
the flow so that the study of almost any flow parameter becomes plausible. If turbulent flows are considered as the interaction among eddies
(coherent 3D vortical structures), in LES the grid size (the computational cell over which the discretized conservation equations are solved)
requires us to resolve only the energy carrying (large) eddies and the effect of the small scales is modeled. This separation of the resolved from
the unresolved scales is performed through a filtering operation with a filter-width ∆, which defines the size of smallest eddies to be resolved.
In most of the LES filter-width is proportional to the grid size, which carries several deficiencies including the difficulty in grid-convergence
study, inducing numerical error to the solution when the grid is discontinuous or when the grid size is locally larger than the integral scales.

Figure 1: Flow structures using Q−criterion (Q =
5) for homogeneous isotropic turbulence using Ck =
0.006 (a) and Ck = 0.010 (b)

Figure 2: Mean velocity profile for a channel at
Reτ = 950. Comparison between the proposed model
with Ck = 0.007 (lines) with the Dynamic model[1]
(symbols).

Figure 3: Near-wall variation of the eddy viscosity
on a coarse grid resolution using the proposed model
( ) and the Dynamic model[1] ( ) and com-
parison with the K − ω RANS model (•)

Methods and Results

Following Piomelli & Geurts[2] a new length-scale is defined as a measure of the
integral length-scale of the flow based on the resolved turbulent kinetic energy and
its dissipation. The filter-width implemented in an eddy viscosity model, is set
as a fraction of the defined length-scale. The resulting eddy viscosity model has
a model parameter denoted as Ck, the only user defined parameter in this model,
which acts as a resolution cost. Small values of Ck cause most of the eddies to be re-
solved (Fig 1(a)) and grid-independence is achieved at a fine grid resolution whereas
large Ck requires coarser resolution to reveal grid-convergence and resolves only the
large scales (Fig 1(b)). In this work, Ck determination was based on the contribu-
tion of subfilter-scale dissipation to the total dissipation called subfilter activity sε
introduced by Meyers et al.[3]. The model was tested on homogeneous isotropic tur-
bulence with linear forcing (Rosales & Meneveau[4]) in addition to the channel flow
at various Reynolds numbers and successful grid-convergence was achieved in all
problems. Comparing to the Dynamic model, the model captures the DNS results
in the mean velocity on a very coarse grid (Fig 2) as it was found to have a RANS
like behaviour near the wall; study of the near wall variation of the eddy viscosity
and comparing to the K − ω RANS model[5] confirmed this conjecture (Fig 3).

Conclusions

A subfilter-scale eddy viscosity model was proposed with the aim to achieve grid-
independent LES. Model parameter was determined based on an internal measure
of the simulation resolution. The proposed eddy viscosity vanishes near the wall
without any need for an ad-hoc function and makes the grid-independent study
straightforward. The eddy viscosity near the wall through the definition of the
integral scale has some features of a RANS model when the grid is coarse. Thus
increasing the contribution of model in the region where the grid is incapable of
resolving the flow structures (near-wall streakes).
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Evaluating the Spontaneous Combustion Hazards of Low Carbon Fuels with Calorimetry and Heat Transfer Studies 

Geoffrey Leslie 

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

Synopsis 

The spontaneous combustion hazards of two low carbon fuels (LCFs) are investigated and discussed. LCFs have lower lifecycle 

carbon emissions than petcoke or coal. Measuring the heat generation and thermal conductivity of LCFs by calorimetry and 

guarded hot plate allows spontaneous combustion risks to be quantified. Such information can be used to characterize hazards 

with the Frank-Kamenetskii number, or to parameterize computational models. This study examines two LCFs, asphalt roofing 

shingles and railway ties. The thermal conductivity of dry milled railway ties was measured in the range 35-90°C, and is being 

investigated at different moisture contents. Calorimetric assays present signal drift problems, which may be related to sample 

treatment or method. 

Introduction 

Spontaneous combustion has caused fires during the storage of carbonaceous fuels, agricultural feedstocks and reactive 

chemicals.  Biomass and waste fuels are particularly hazardous. Lafarge Canada intends to burn alternative solid fuels, 

collectively called low carbon fuels (LCFs), to reduce lifecycle carbon emissions. This study examines two LCFs, waste roofing 

shingles and railway ties. Calorimetry and hot plate experiments can measure the heat generation and heat transfer processes 

involved in spontaneous combustion. The work presented is applicable to Lafarge for the design of LCF fuel handling systems. 

Methods and Results 

Spontaneous combustion occurs when fuel generates more heat than is dissapated to the fuel’s surroundings. The Frank-

Kamenetskii number, δ, characterizes this hazard. The number is calculated from a kinetic model of heat generation ( ̇  

       [    ⁄ ]), the thermal conductivity of the bulk fuel ( ) and the size and ambient temperature of the fuel store ( ,   ). 

For any storage geometry, there is a critical value of      above which the fuel will spontaneously combust. 
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A guarded hot plate was built to test 

the thermal conductivity of LCFs (Fig 

1). The guard is constructed to 

thermally isolate a heater plate, such 

that the heat flux and temperature 

gradient across a sample are 

measured. Precision has been verified 

with agar gel, and it has been used to 

measure the conductivity of dry 

milled railway ties (Fig 2). 

Isothermal, sealed-vessel calorimetric assays were performed on a TAM 

Air differential heat flow calorimeter with the assistance of Dr. Kenneth 

Trischuk at NRC. The TAM Air can test 8 samples simultaneously. The 

magnitude and rate of heating at different temperatures would have 

been the basis of a heating model. The results show an endothermic 

offset and drift that makes analysis ambiguous (Fig 3). Variations in 

method may eliminate this offset. 

Conclusions and Future Work 

The guarded hot plate is currently measuring the thermal conductivity 

of milled railway ties at different moisture contents, and will be used to 

measure the conductivity of asphalt. Further variations of the 

calorimetric method will be explored with Dr. Trischuk to resolve the 

offset problem, and a kinetic model will be deduced from results. The kinetic model and conductivity data will be used to 

calculate critical values of the Frank-Kamenetskii number, and the method will be demonstrated for future spontaneous 

combustion studies. Data from these experiments will also be useful for computational models of spontaneous combustion. 

 

 
Figs 1 and 2: Guarded Hot Plate and Thermal Conductivity of Dry Milled Railway Ties 

 
Fig 3: Drift of Heat Flow Signal in Calorimetric Trial 
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Controlled Cooling of Laser Welded Alumina Ceramic Substrates 
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Synopsis 

    This project aims to eliminate cracking occurring in laser-welded ceramics. Cracking can happen in brittle ceramic material after it has been 

thermally stressed. A Finite Element Method simulation showed that a controlled cooling procedure can reduce the temperature gradient between a 

heated and non-heated area of a ceramic substrate. The reduced temperature gradient is expected to assist in stress relaxation at the surface to 

counteract the tensile stress that is induced by the heated core.  

Introduction 

    When a ceramic body is heated to a high temperature [>573K (300˚C)], both tensile and compressive stresses will develop inside the body. 

Specifically upon cooling, the tensile stresses tend to be the most likely to lead to cracking because for ceramics compressive strength is typically 

four to eight times the value of tensile strength [1]. Very little work has been done to control cooling in laser welding of ceramics. Recently work has 

been conducted in our lab on preheating ceramic material prior to welding using a dual laser welding approach, with one laser used for preheating 

and the other for welding. Most studies to date have been conducted with the welding taking place in an enclosed environment with a heating source. 

This paper presents my findings from the computational analysis of laser welding and controlled cooling by two fixed laser beams.  

Methods and Results 
    During the welding, laser power ramping up helps eliminate the characteristic temperature spike of the leading edge. Power ramping down is also 

essential to control the solidification and cooling of the weld [2]. Kingery’s analysis of thermal shock resistance for various shapes gives a method to 

analyze stresses at the surface and at the center for constant rate of heating or cooling. This is typically done by controlling the atmospheric 

temperature in an oven. This study attempts to reproduce constant cooling conditions by utilizing the preheating beam for controlled post-weld 

cooling by traversing in oscillating motion at 25mm/s along the weld after the welding process conducted at 0.5mm/s.  A solid model of the alumina 

ceramic substrate [25x56x1 mm] was developed for this study (Figure 1). Experiments were simulated and conducted at 75W Nd:YAG (welding) 

laser power and varying CO2 (pre-heating) laser powers, ramping down  from 170W, with simulated cooling periods up to 10 mins. Temperature 

profiles and temperature gradients were predicted using COMSOL Multiphysics FEM software. Figure 2 shows temperatures predicted for several 

points on the plate (locations of which are shown in Figure 1) over the simulated time interval. The effect of controlled cooling can be seen by the 

difference in magnitude of the temperature gradients shown in Figures 3 and 4.  Reduced gradients are expected to alleviate tensile stresses on the 

surface of the plate. 

  

 

Fig. 1. FE model of alumina substrate with temperature points of interest  Fig. 2. Substrate temperature predictions over time 

  

Fig. 3. Temperature gradient at end of weld   Fig. 4. Temperature gradient at end of cooling 

 

Conclusions                                                                                                              
       The FEM simulation results show that implementing a cooling procedure after a laser spot weld can control the magnitude of the temperature 

gradient which assists in tensile stress relaxation. Further work needs to be carried out to validate the model predictions experimentally and to 

develop the FEM simulation of the thermally induced strains. 
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Effects of realistic roughness in wall-bounded turbulent flows

Junlin Yuan and Ugo Piomelli
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(a)

(b)

(c)

(d)

(e)

(f)
Figure 1: Visualization of single tiles of four surfaces.

Motivations
Roughness plays an important role in many fields of study.

In industrial applications, the roughness effects in increasing
drag and promoting near-wall turbulent production are usu-
ally simulated by a modification of the wall boundary condi-
tion of the turbulent quantities in Reynolds-averaged Navier-
Stokes (RANS) models; the modification is based on the “equiv-
alent sand-grain roughness height”, ks, which relates the mean-
flow effects of an arbitrary type of roughness to a standard
sand-grain roughness. Two problems remain: 1) ks is not
known a priori. for an arbitrary type of roughness; 2) even
when an accurate ks is prescribed, the current industrial model
may not capture the combined effects of roughness and strong
non-equilibrium flow behaviours. The purpose of this study
is to investigate a general guideline to predict ks for an arbi-
trary surface based on highly resolved results from large-eddy
simulations (LES), and to study the performance of RANS models on strongly accelerating flows over roughness.
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Experiment

Figure 2: Actual values of ks (symbols) and fitted correlations ( ): (a)
slope/shape method, (b) slope-rms method, and (c) moments method (k, krms,
and Sk: first-, second- and third-order moments of height statistics). Comparison
of friction coefficient of FPG boundary layers between RANS and LES over (d)
smooth wall and (e) rough wall.

Results
We perform LES of turbulent open-

channel flows over resolved rough surfaces
replicated from hydraulic turbine blades
(Fig. 1) and determine the exact ks from
the mean velocity profiles. Then the re-
sults are used to evaluate existing ks-
correlations which predict ks from sur-
face characteristics. Three widely used
correlations are considered, including two
methods based on local surface slope, and
one based on moments of surface height
statistics. For the current surfaces where
the surface slope is an important param-
eter, the height moments do not pre-
dict ks (Fig. 2(c)), while the two slope-
based methods better collapse the data
(Fig. 2(a) and (b)).

To evaluate the RANS models on
strongly non-equilibrium flow, we com-
pare the RANS results with the LES
results on boundary-layer flows un-
der strong favourable pressure gradients
(FPG). For the smooth case (Fig. 2(d)),
RANS does not capture the frozen-
turbulence region, in which the strong ac-
celeration leads to alterations of turbu-
lent structures and the turbulence does
not adapt to the acceleration. How-
ever, on a rough wall (Fig. 2(e)), the
intensification of Reynolds stresses due
to roughness prevents the occurrence of
the frozen-turbulence region, and bet-
ter agreement can be obtained between
RANS and LES.

1
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Acoustic modeling of an aircraft fuselage 
Viken N. Koukounian 

Department of Mechanical & Material Engineering, Queen’s University, Canada 

Synopsis 
During flight at cruising speed, a turbulent boundary layer (TBL) forms around the aircraft fuselage. The fluctuating pressure on the external 
surface of the fuselage skin causes the panels to vibrate resulting in the generation of noise which can be heard inside the cabin. 
Bombardier is interested in developing high level of understanding techniques, particularly via Boundary Element Methods (BEM), to 
remain commercially competitive and has expressed interest in reviewing their manufacturing processes.  
The first stage of the investigation sought to review the effects of varying panel thickness, and the milled pocket area of a panel. The second 
stage required an operational testing facility and involved 1) construction of an anechoic room to interface with a reverberation chamber, 
2) develop an acoustic data acquisition (DAQ) program and 3) a post-processing procedure for the collected data. The third stage of the 
investigation entailed room qualification tests, acoustic testing of the panels, and computational modeling of the experiments.  

 
Background 
There are two principal measurement quantities of interest: sound pressure level (SPL), and acoustic power. These quantities are often 
expressed on a logarithmic scale [dB]. The frequency range of interest is within the audible spectrum (approximately 20Hz to 20kHz): 
between 100Hz and 4000Hz; the selection is because the TBL dominates the interior noise field between 500Hz and 2000Hz [1]. The data is 
collected in 1/3 octave bands and often presented in 1/1 octave bands. 

 
Methods 
The DAQ software is LabVIEW-based. Simultaneously, the software collects data from two inputs and outputs a signal to a sound source; 
some elementary arithmetic is performed. All acoustic tests follow ASTM C423, E90, E336, E477 and E2235, and ANSI S12.51 standards; all 
deviations are noted and consistent among compared tests. These standards outline general test and proper calculation procedures to 
account for flanking/breakout noise, source and receive room sound level corrections, etc. LMS Virtual.Lab is the modeling tool used to 
simulate the coupled vibro-acoustic analysis. In stage one, the tool was used to predict the acoustic performance of 1) panels of 40, 50, 60, 
79, 158 and 197thou thicknesses and 2) 50thou panels with 0%, 20%, 50% and 80% of the panel area milled to 40thou. In stage three, 
40thou and 90thou square panels were tested experimentally and modeled computationally.  

 

 

Results & Conclusions 
In the first stage, it was discovered that the amplitude of the SPL and power varied little when varying thickness between 40thou and 
197thou. It was observed that with decreasing panel weight, the frequency modes were translating towards lower frequency values 
(contrary to       ). It was hypothesized, verified experimentally, and supported by literature [2], that the stiffness of the panel 
dominated its mass-component at the given geometries and frequencies of interest by a factor of the square of the thickness. See Figure 1a 
& 1b. In the third stage, the experimental data was compared to that of the computational model. See Figure 2a & 2b. There are ongoing 
efforts in improving the accuracy and precision of the results by methodically determining available model parameters.  

Figure 1: Computational predictions for 40, 50, 60thou panels Figure 2: Experimental data for 40thou and 90thou panels 

Figure 3: Computational and experimental comparison for 40thou panel Figure 4: Computational and experimental comparison for 90thou panel 



Gear Fault Diagnostics Using Shaft Relative Rotational Position 
David Rapos, M.A.Sc. Candidate 

Mechanical and Materials Engineering, Queen’s University, Kingston, Ontario, Canada 

Synopsis 
Approximately half of all operating costs in most industrial facilities are as a result of maintenance. With this in mind, providing 

appropriate maintenance to a machine, at the correct time, is vital to avoid unnecessary costs. Therefore, a cost effective 

method of diagnosing gear faults using non-contact magnetic shaft rotational position sensors is proposed. This method records 

and measures the dynamic transmission error over the course of each full gear rotation and allows for the identification of 

various gear fault types with just as much accuracy as other options (like encoders for example). 

Introduction 
‘Dynamic Transmission Error’ is defined as the difference between the input and output shaft rotational positions as a function 

of time. A dynamic transmission error with a large and variable amplitude is the result of the output shaft lagging the input 

shaft to a larger or lesser extent as a function of rotational position. This variable relative rotational position may represent the 

presence of a gear fault. Traditional methods of fault diagnostics on gearboxes are conducted through vibration analysis of 

signals recorded using accelerometers. However, vibration analysis at times can prove to be a challenge due to sensor 

mounting difficulty, extremely complex raw signals, and interference due to high levels of noise in the measured signal. 

Methods and Results 
The testing was done on a 1:1 ratio steel gear set with the number of teeth being 32 or 16. The fault cases were intended to 

simulate radial (towards the shaft center) and tangential (across the tooth profile) root cracks similar to a previous student’s 

work which proved to have promising results on a plastic gear set [1]. For each fault case, the cracks were created on three 

separate gears to simulate progressive crack growth. Each of these gears experienced the same speed ramp profile for three 

separate loads. The non-contact magnetic rotational position sensors were placed parallel and in line with the input and output 

shafts. These sensors recorded both a cosine and sine signal (representing the rotational position of each shaft, but 90 degrees 

out of phase) for the input and output shaft. Using a two-input arctangent function found in MATLAB, both the cosine and sine 

signal were combined into one signal. This function yielded a result over the domain (-π, π] for both the input and output shaft 

position and ultimately allowed for the calculation of the dynamic transmission error. The units for dynamic transmission error 

are in millimeters and are a measure of the experienced pitch line delay. Figure 1 is an example of some of the preliminary 

results. The large dynamic transmission error spike located 0.05 seconds into the shaft cycle corresponds to the point in time 

when the faulted tooth was in the gear mesh. 

 
Figure 1: Tangential Crack Large - Load 3 @ 600 RPM 

Conclusion 
In conclusion, this method shows further promise as a simple and effective tool for detecting and diagnosing gear tooth faults. 

Future work will continue to be conducted on the 32 tooth as well as the 16 tooth gears to see if the proposed method works 

well for all types of gear faults no matter the number of teeth or severity level of the fault. 
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Measurement and Modelling of Vibration Characteristics of a Mining Skip during Unloading 
Robert Chidwick 

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

Synopsis 

Arc gate mining skips often experience large amplitude oscillations during unloading of bulk materials.  The purpose of this project 

was to investigate the cause of, and find a solution to the large amplitude oscillations.  Full and small scale computational simulations 

were developed to closely represent the real system and were used to predict the effects of changes in the skip design.  Data collected 

at a bulk materials mine were used to verify the results of the full scale simulations.  Small scale experiments were conducted, 

isolating individual variables to determine their effect on the oscillation amplitude.  The results of these experiments were compared to 

the simulation results to confirm if the trends were the same. 

Introduction 

The mining industry is expanding to meet an increase in demand for resources and consequently feels the need to increase production.  

The best way to increase production is to increase the height of the mining skips – the containers that transport ore from the 

underground mine to the surface.  These taller skips require reinforcements (called ‘stiffener bands’) to provide additional structural 

rigidity.  The type of skip focused on in this project is referred to as an arc gate skip which has an exit chute with angled walls and 

floor.  It is suspected that the stiffener bands and the angled chute walls and floor are interfering with the flow of the ore and causing 

the large scale oscillations.  These oscillations cause unnecessary wear and damage to the hoisting system and need to be reduced or 

eliminated. 

Methods and Results 

The data collected at the bulk materials mine were analyzed and several characteristic unloading cycles were selected to be studied in 

detail.  The peak amplitude, characteristic shape, frequency of oscillations and duration of unloading were used as key values to 

determine similarity between the simulations and the experimental data.  The computational simulations were created in MATLAB.  

The system was modelled as a single degree of freedom mass-spring-damper system and was designed to be in good agreement with 

the data collected at the mine.  The equation of motion of the system was solved using an Ordinary Differential Equation solver 

(ODE), but MATLAB can only handle first order ODE’s, so the equation of motion was written as a system of two first order ODE’s.  

This gave the displacement of the system.  The displacement was derived twice to get acceleration and the results were plotted for 

analysis, as shown in Figure 1.  This computational model was then scaled down to be compared with the results from the 

experiments. 

A scale model skip was designed and fabricated.  Many variables were considered, but due to time limitations only a few variables 

were selected to be tested.  The tested variables were: angle of chute walls and floor, grain size, number of stiffener bands.  The other 

variable that was considered but was not tested was the moisture content of the ore.  The experiments were conducted by varying one 

variable at a time, holding all other variables at their original value.  Figure 2 below shows a typical acceleration response of the skip 

during an unloading cycle.  The computational simulation and the experiments are in relatively good agreement.  By changing 

variables in the experiments and the simulations the effects of each variable were isolated and evaluated.

 
Figure 1: Typical acceleration output from small scale 

computational simulation. 

 
Figure 2: Typical acceleration output of the scale model skip in the 

stock configuration. 

Conclusion 

The oscillations experienced by the arc gate skip are most significantly affected by the angle of the chute walls and floor, but are also 

affected by the number of stiffener bands as well as the grain size of the ore.  Future work in this area should include a DEM analysis 

of the ore in the skip, as well as exploring the effects of the moisture content of the ore. 



Multi-Material Size Optimization of a Ladder Frame Chassis 

Michael Baker 
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Synopsis 

    The Corporate Average Fuel Economy (CAFE) is an American fuel standard that sets regulations on fuel economy in vehicles. This law ultimately 

shapes the developmental and design research for automakers. As manufacturers contemplate the new fuel standards, which require cars to have an 

average miles-per-gallon rating of 54.5 (23.6 Km/L) by 2025, automakers cannot rely on consumers to buy more hybrid, electric cars, smaller or 

more efficient models [1]. The trend has automakers introducing lighter vehicles and embarking on projects designed to carve hundreds of kilograms 

off their most popular vehicles. Reducing the weight of conventional cars offers a way to guarantee better fuel efficiency. This research will 

investigate the optimality of an automobile's ladder frame chassis (LFC). 

Introduction 

    The purpose of the research is to conduct multi-objective optimization on the LFC in order to reduce the weight of the chassis. The focus of the 

design and optimization will be a ladder frame chassis commonly used for mass production light motor vehicles with an open-top rear cargo area. 

(Pickup truck) The thesis is comprised of two major phases, each with their own resulting deliverables. Phase 1 will look to perform thickness 

optimization in the outer walls of the ladder frame. In phase 2 a multi-material distribution, including mostly steel and aluminum varieties, will be 

determined.  

Methods and Results 
    A simplified model was used to do an initial hand calculation analysis of the problem. This was used to create a baseline validation to compare the 

theory with the modeling. (Figure 1). Figures 2 and 3 are specifications of the GMC sierra pickup truck’s ladder frame available from GM’s website  

to help produce aftermarket products.[2] Referring to Figure 2 and 3 a CAD model of the LFC was designed in SolidWorks (Figure 4). From the 

CAD model a finite element model was extracted and attached together using weld and bolt connectors. A similar FEM of the Sierra chassis was 

found from the National Crash Analysis Center, an American organization that validates FEA crash analysis with empirical data. [3] (Figure 5) The 

FEM model was then modified to be comparable to the NCAC model, (Figure 6) and a comparison/verification analysis was conducted.  

 
  

  
Fig. 1. Theoretical model of a rail Fig. 2 Top view spec sheet of Sierra LFC  Fig. 3. Side view spec sheet of Sierra LFC 

  
  

 

Fig. 4. SolidWorks CAD geometric model Fig. 5 NCAC FE model Fig. 6. HyperWorks created FE model 

 

 

 

Fig. 7. Displacement plot of created model  Fig. 8. Displacement plot of NCAC model 

Conclusions                                                                                                              
       The verification process showed that the created FEM is in a reasonable agreement of the NCAC model. The overall shape and dimensions are 

within an 8cm tolerance (1.5%). Displacements are within a small range (0.3mm) and the consequently the same magnitude. The maximum stress 

results are within a 10 magnitude difference but these values are not reliable since they occur at point constraints (which are typically high). Moving 

forward the FEM will be subjected to size optimization in the form of the thicknesses of the metal components. Following that various materials will 

be tried for different components, and a trial and error scheme will be used to optimally determine component material.  
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Effects of Loading Path Changes on Rolled Zircaloy-2 
Travis Skippon 
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A series of uniaxial tensile tests were performed in order to investigate the effects of work history and 

changes in loading direction on Zircaloy-2 sheet material.  A set of six large dog bone tensile samples 

with their loading axis parallel to the transverse direction of the sheet were cut from a 1.5mm thick 

sheet of material.  Each sample was approximately 28cm long with a 3.5cm gauge width.  These samples 

were deformed to total strains of 0.5%, 2%, and 10%, each at two different strain rates for a total of 6 

samples.  

After these large samples had been deformed, they 

were unloaded and had much smaller tensile 

samples cut from their gauge regions in different 

orientations.  The small tensile samples were cut via 

electron discharge machining (EDM) to have their 

lengths aligned at angles of 0, 45, and 90 degrees 

relative to the direction in which the large samples were loaded (Figure 1).  In addition to the samples 

cut from the gauge region of the large tensile specimens, some were also cut from the as received 

material to serve as a baseline comparison in the next phase of the experiments.  

All of the small tensile samples were brought to the Advanced Photon Source (APS) at Argonne National 

Labs in order to perform in situ synchrotron diffraction studies while the samples were loaded in 

tension.   Diffraction data was collected throughout the deformation of the samples in order to observe 

the lattice strain evolution of the material, as well as the crystallographic texture of each sample before 

and after testing.   Figures 2 and 3 show stress strain curves for a selection of the tests performed at 

APS. 
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Figure 1: Large tensile sample design.  The rectangles indicate 
where the smaller tensile samples were cut from the gauge length. 

Figure2: Stress strain data for small samples cut with 0 

degree orientation with varying amounts of prior 

deformation. 

Figure 3: Stress strain data for small samples cut with 

90 degree orientation with varying amounts of prior 

deformation. 

 



Molecular Dynamic Simulation of Displacement Cascades in Zr-Nb Layered Composites 
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Introduction 

 
    The nano-sized multilayer composites have been extensively studied in the past five years. It has been reported that in irradiation cascade 

simulations the interface of binary layer composites can capture the irradiation produced defects (vacancy and interstitials) drastically. It is believed 

that certain type of interfaces can adopt several mutable atomic structures with similar degeneration energies, increasing the sink of point defect 

towards interfaces, and subsequently enhance the recombination/annihilation of the point defects [1]. The experiments also confirmed that 

nanolayered structures can remain no change in their overall morphology under irradiation, with no mixing or amorphization detected. The defect 

concentration after irradiation in nanolayered structure is also far below those of pure system at similar dpa levels. With respect to the wide 

application of zirconium alloy in Canadian nuclear industry, molecular dynamics (MD) simulation has been carried out in this study to investigate the 

irradiation damage in Zr/Nb nanolayered composites. 

 

Methods and Results 

 
MD calculations are carried out in LAMMPS molecular dynamics simulator to simulate irradiation induced cascades in Zr-Nb nano-sized 

multilayer composite. We design a sandwiches structure of Zr-Nb nano layerered composite as shown in Fig.1 to study the interface effects on 

irradiation induced defect production.  A newly developed Zr-Nb Embedded-Atom Method potential will be applied in the simulation [2].  Various 

time step and periodical boundary condition are applied during cascade simulations. The Wigner-Seitz method and common neighbour analysis are 

employed to analyze defects.  

 

 

 

Fig. 1. Zirconium-niobium interface  Fig.2 Zirconium-niobium interface removes defects. 

 
  An example of our cascade simulation is shown in Fig.2. The irradiation induced defects could be absorbed by the Zr-Nb interface. Based on 

Wigner-Seitz defects analysis, the number of defects per pka energy unit drops around 50% in Zr/Nb nanolayered composite compared to the 

simulation results in pure zirconium or niobium system.  

 

Conclusions                    

                                                                                           
       We unveil the mechanism how interfaces trap and enhance recombination of irradiation induced defects in Zr/Nb nanolayered composite. To 

recognize the interface effects could help us to identify, design, and manufacture other potential nano-sized multilayer composites for future nuclear 

application. 
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Longitudinal Variation in Friction Stir Welds 
Jessica Hiscocks 

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

Synopsis 

 As part of a current project to use friction stir welding to join two dissimilar magnesium alloys, welds formed under four different 

processing conditions have been investigated.  The end goal of this project is to create welds with minimal change from the base 

material properties.  The current set of welds has been investigated by metallographic, mechanical testing, and textural methods to 

determine the optimum processing conditions, and gain information about how the process affects the final microstructure both in the 

transverse and longitudinal directions. 

 

Introduction 

Friction stir welding (FSW) is solid-state joining technology that uses a non-consumable rotating pin to generate frictional heat and 

soften the material into a plastic state.  The tool then progresses while continuing to rotate, moving the plasticized material towards the 

rear of the plasticized zone.  By decreasing the total heat input and simultaneously inputting plastic strain to trigger recrystallisation of 

the material, the resulting microstructure offers several advantages as compared to conventional fusion welding techniques due to the 

finer grained resulting microstructure.   

As compared to fusion techniques, this process results in lower loss of microstructural properties during welding, particularly in 

heat treatable alloys.   It is also well suited to several light metals that are more difficult to weld with fusion techniques such as 

aluminum and magnesium.  In addition, this technique is excellent for welding of dissimilar alloys.  Figure 1 shows a schematic of the 

FSW process. 

 In most studies of Friction stir welding, the process is assumed to involve constant, homogeneous flow in the longitudinal direction, 

however multiple experiments have been conducted showing this may not be accurate [1] and that in some cases formation of the weld 

occurs by deposits of successive layers of deformed material [2].  The current work provides further evidence for these theories and 

investigates the microstructural changes that may occur as the result of this longitudinal variation. 

  

Methods and Results 

FSW created under 4 different processing conditions were characterized microstructurally in the longitudinal direction for general 

characteristics and for grain size changes.  They were also examined using EBSD for longitudinal changes in a variety of areas inside 

the weld. 

 

  

 
Fig. 1. Schematic of FSW process [3] Fig. 2. Void defects distributed longitudinally 

in a periodic fashion 

Fig 3.  Longitudinal microstructural variation 

at the start of a weld. 

 

Conclusions   
Longitudinal variation can be seen in microstructural variation at the start of all welds.  As the weld progresses, it becomes 

homogeneous due to the change in thermal conditions around the pin.  In some cases, longitudinal texture variation is also present.  

This occurs only in very limited areas of the weld and may be associated with defect formation. 
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Deformation mechanism study of Zr-2.5Nb alloy by ex and in situ TEM:  

dislocation microstructure characterization 

Fei Long 
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Aiming to provide microstructural evidence for the operation of the reported slip systems and 

their interaction behavior to further understand the deformation mechanism, we used the pressure 

tube material for CANDU reactor, Zr-2.5Nb alloy, to conduct a systematic study of dislocation 

characterization with TEM under various conditions with both ex situ and in situ methods. 

Ex situ, we added different amounts of plastic strain to the hot rolled Zr-2.5Nb alloy, then used 

TEM to characterize dislocations by the visible-invisible criteria with different diffraction vectors. 

The prismatic <a> slip system was found to be the easiest and dominant mode at the early stages 

of plastic deformation. Through trace analysis, it is likely that basal <a> slip also started to 

operate in certain grains under larger plastic strain. Other dislocations like pyramidal <c+a> and 

<c> type were also found at higher plastic strains.  Detailed dislocation microstructures will be 

shown to discuss how these slip systems operate and interact. 

In situ tensile tests of the same Zr-2.5Nb alloys were performed using thin foil dog bone samples 

at the IVEM facility at Argonne National Lab, including deformation at room temperature and 

reactor operating temperature (300˚C) before and after ion irradiation. For the first time, we 

directly observed the dislocation movement change with temperature and ion irradiation with this 

alloy. Ex situ microstructure observation with two axes tilting enabled us to interpret more 

detailed information about the operation of different slip systems with and without irradiation at 

different temperatures. This work addresses the challenges of understanding the change in 

deformation mechanism upon irradiation of zirconium alloys and provides pioneering experiences 

for using heavy ion to simulate the effect of fast neutron irradiation on mechanical properties.  

 

 

 

 

 

 

                (a)                                                   (b)                                                  (c) 

Figure 1: Dislocation microstructure in the un-irradiated Zr-2.5Nb alloy after deformation.        

(a) basal-like type <a> dislocation, (b) screw type <c> dislocation at sub-grain boundary, 

(c) pure edge type <c> dislocation. 
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Hydride Charging and Delayed Hydride Cracking in Excel Alloy 
Qiang Fang 

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

Synopsis 
As received excel alloy samples with different heat treatments have been charged with hydrogen by the 
electrolytic method. Hydrogen test result shows that the heat treatment residual stress has significant 
influence on the hydrogen solvus. Delayed hydride cracking test have been conducted on as received 
Excel alloy. There is a significant crack propagation velocity difference in axial and circumferential 
directions. The DHC velocity upon heating and cooling should be considered in the next CANDU design. 
 
Methods  
The heat treated samples are 15X4X75 mm3 strips.  4 strips were made for each of the three heat 
treatment conditions. The heat treatment is in a tube furnace protected with flowing argon and the 
oxide layer is removed before heat treating. The samples are hydrided at 85~90 degC with a current 
density of 1000A/m2. 
 
Results 

 
(a) Comparison of TSSD of quenched Excel and AR Excel, (b) Crack initiation during a DHC test, (c) crack growth rate 

vs applied K, (d) DHC velocity measurement result of Excel, (e) KIH of DHC in Excel, (f) crack growth caused by 
loading in a DHC upon heating experiment. 

 

Conclusion 

The high hydrogen absorption in quenched Excel is caused by residual stess;  after stress relieving the 

quenched solvus of hydrogen in Excel is very close to that of the as received microstructure. DHC upon 

heating has significantly higher resistance than DHC upon cooling. It is probably a bad idea to design the 

next generation CANDU without online refuling because it will significantly increase the time of DHC 

upon cooling during that operation. 
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Crystal Plasticity Modeling of Deformation in Mg Alloys under Cyclic Loading 

Simon Knight 

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

Synopsis 

    As part of a project to study the use of friction stir welding (FSW) to join two dissimilar magnesium (Mg) alloys, a crystal 

plasticity finite element (CPFE) code will be customized to model an idealized joint between two friction stir welded magnesium 

alloys undergoing cyclic fatigue loading. The simulation data will be compared to previous experimental results and also recent 

experiments performed by a group at McMaster University. The goal of the project is to demonstrate that the crystal plasticity 

code can accurately describe the development of stress and strain states in the joint during cyclic loading.  
 

Introduction 
 

    Fatigue performance is important for any sort of machinery that goes through tension-compression cycles. S-N curves are used 

to characterize a material’s fatigue performance (Figure 1). Fatigue strength after FSW in Mg alloys can be significantly different 

(Figures 2 and 3). Fatigue is highly affected by the deformation modes that are activated, which are dependent on grain size, 

texture and crystal structure.1 These curves are useful, but cannot be used to characterize the stress-strain states that develop 

during loading.  
  

  

 
 

 

 

 

 

    Improved understanding of the fatigue behavior of Mg requires a realistic description of the relation between the fatigue 

deformation and key microstructure attributes.1 Mg develops a certain texture and microstructure during the FSW process which 

evolves during loading. Slip and twinning are the dominant deformation mechanisms. The CPFE method has been developed to 

effectively model the anisotropic deformation, texture evolution and hardening of polycrystalline materials under different 

loading conditions, which takes into account the interaction of the individual grains.2 The CPFE method approach assumes the 

deformation gradient can be decomposed into its elastic and plastic parts. The constitutive equations were derived using 

phenomenological data, i.e. critically resolved shear stress and resolved shear stress as state variables to calculate shear.4 
 

Methods 
 

    The model will be built upon previous code that was written by Hamidreza Abdolvand.3 The crystal plasticity constitutive 

equations have been coded in a user material subroutine (UMAT) and are executed in the finite element software package 

ABAQUS. At the beginning of the time step total strain, rotation increment and time increment are calculated by ABAQUS for 

the integration point and passed into the UMAT. The UMAT is used to calculate the total stress and Jacobian matrix to pass back 

to the FE solver. The code was originally used to study zircaloy-2, but has built in customizability which should alloy it to 

function using the properties of any crystal structure as well as giving the user options such as potential active slip/twinning 

systems and appropriate hardening schemes. This project will look at a joint consisting of both AZ31 and AZ80 magnesium 

alloys. Different versions of the code are available which vary based on the length scale you are studying and which twinning 

scheme you are using. Versions can significantly differ in computational time and therefore choosing the right one is important.  
 

    The first step will be validation of the program by modeling Mg alloys using the simplest scheme using only a few elements 

and then gradually increasing the scale to a representative feature. Literature has shown that twinning/de-twinning can be 

significant in the early loading cycles in Mg. It may be useful to add this functionality into the model. 
 

References 
 

[1] Bridiera, F.& McDowell, D.L.& Villechaisea, P.& Mendeza, J., 2009, Int J Plast, 25, 1066. 

[2] F. Roters, P. Eisenlohr, L. Hantcherli, D.D. Tjahjanto, T.R. Bieler, D. Raabe, 2010, Acta Materialia, 58, 1152. 

[3] Hamidreza Abdolvand, Mark R. Daymond, 2013, Journal of the Mechanics and Physics of Solids, 61, 783 

[4] D. Pierce, R. J. Asaro, A. Needleman, Acta Metallurgica 1982, 30, 1087 

[5] M. Tsujikawa, H. Somekawa, K. Higashi, H. Iwasaki, T. Hasegawa, A. Mizuta, Mater. Trans. 45 (2004) 419–422 

[6] Rivers, Geoffrey, 2011, Open Access Dissertations and These, Paper 4333, 

http://digitalcommons.mcmaster.ca/opendissertations/4333 
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1 MeV Heavy ion (Kr2+) irradiation damage on Zirconium Excel pressure tube material 

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

Synopsis  
Zirconium Excel alloy is considered as a promising material for pressure tube in Generation-IV CANDU Super Critical 
Water-cooled Reactor (SCWR) design due to its high strength and good creep resistance at high temperature[1, 2]. 
Dislocation loops are a common microstructure induced by neutron irradiation for materials serving in-reactor. Up to 
now, the understanding of the irradiation damage of Excel alloy under fast neutron irradiation in the reactor core is still 
limited. Due to limited access to fast neutron source and time expense associated with neutron irradiation, in situ and ex 
situ study of irradiation damage of 1 MeV Kr2+ heavy ions was carried out to simulate the effect of neutron irradiation. In 
this study TEM samples were made from the as-received Excel pressure tube and thermally modified material. The 
samples were irradiated to different damage levels ranging from 0.003 dpa to 5 dpa at temperatures ranging from 80 to 
450 . TEM weak beam dark field and     techniques were applied to analyze the characteristic of the defects induced 
by irradiation.  
Experiment and results  

The experiments were carried out in TEMs with in situ ion source in ANL EMC and JANNuS facility of Centre de 
Spectrométrie Nucléaire et de Spectrométrie de Masse (CSNSM). Typical in situ observation of the evolution of <a> 
loops is shown in Fig. 1.  
Conclusion  
Under ion irradiation, <a> loops appear at very low dose (0.003 dpa) caused directly by the collapse of cascades. As 
damage level increases the density of dislocation loops increases dramatically and tends to get saturated at less than 
0.25 dpa. It is very hard for loops to grow due to overlapping effect.  
References 
1. CHOW*, C.K. and H.F. KHARTABIL1, CONCEPTUAL FUEL CHANNEL DESIGNS FORCANDU – SCWR. NUCLEAR 
ENGINEERING AND TECHNOLOGY, 2007. 40(2).  
2. Cheadle, B.A., et al., High-strength, creep-resistant Excel pressure tubes. [Zr-3. 5Sn-0. 8Mo-0. 8Nb]. 1982. ASTM 

STP754  Pages: 193-207. 

 

 Fig. 1 The in-situ observation of the evolution of <a> loops under 1 MeV Kr2+
 irradiation in Heat treated sample. 



Microstructural Evaluation of Zr-Excel alloys by Heat-treatment and LVDT Creep Measurement 

Technique to Study their Associated Thermal Creep Behavior 
Kazi Ahmmed 

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

Synopsis 
Zr-Excel (Zr-3.5%Sn-0.8%Nb-0.8%Mo) has been suggested as pressure tube (PT) material in the CANDU Generation-IV Super 

Critical Reactor (SCWR). In order to increase the thermal efficiency to 45%, a significant structural change has been proposed in 

the conceptual SCWR design [1], requiring a substantial improvement in the PT deformation behavior, restricting axial as well as 

diametral elongation. Anisotropic deformation behavior depends strongly on the texture; thus to control or minimize the 

deformation, we need to control the texture. A microstructural study is thus required to understand the factors controlling texture 

modification of this particular alloy. In addition, creep data of the various textures is needed. 

Introduction 
Zr-Excel alloy was developed in the 1970s to improve the creep strength of the PT compared to Zr-2.5Nb [2]. However, the 

higher susceptibility to hydrogen ingress restricted its use [3]. Thus, the characteristic behaviors of Zr-Excel alloys in terms of 

microstructure and mechanical properties were not studied much. With the development of Gen-IV SCWR and a new proposed 

fuel channel design, Zr-Excel alloy is considered a potential material due to i) its higher strength ii) due to the different fuel 

channel design hydrogen ingress will be less important. The limited microstructural and deformation behavior studies [4,5,6] on 

Zr-Excel alloy have covered some characteristic properties. In the current project, we explore its transformation response to heat-

treatment. The objective is to understand the texture modification, to produce a wide range of textures and study their associated 

thermal creep behavior. 

Methods and Results 
Annealed Zr-Excel PT material was heat-treated in a wide range of solution temperature (865˚C to 980˚C). Water Quench (WQ) 

and Air Cooled (AC) samples were analyzed by optical and TEM to reveal their microstructure. Crystallographic textures were 

measured for primary and secondary phase through neutron diffraction at CRL. Moreover, line profile analysis (at Los Alamos) 

has been done on the heat-treated samples in order to estimate their dislocation densities and microstructural changes. To 

measure the thermal creep behavior of these heat-treated materials, LVDT creep measurement technique has been constructed 

and is in the process of data collection. 

 
Fig1. Microstructural Changes in heat-treatment (wq).             Fig2. Texture Modification through associated heat-treatment(wq).  
 

                               
Fig3. Effect of heat-treatment on peak-broadening.                            Fig. 4. Microstructural correlation with the broadened. peak. 

 

Future Work 
 Creep tests at variable test parameters on the heat-treated materials 

 Correlating the microstructural information with their corresponding deformation behavior. 

 Finding a suitable model to fit the experimental creep data. 
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Resolving GND Content by Hough Transformation In Bent Samples of Copper as a Function of 
Microtexture and Boundary Character

David Kerr and Valerie Randle
Swansea University

Two dimensional maps of orientation data obtained by EBSD allow for identification of six 
components of the lattice curvature tensor [1], which are used to identify five components of the 
dislocation density tensor and one difference between two tensor components [2]. A minimum set of 
geometrically necessary dislocations (GNDs) can then be resolved by linear optimization or by 
minimizing the total GND line energy.

The observation distance, typically the step size used during mapping, is of particular importance in the 
calculation of GNDs. A large observation distance does not provide a good indication of the actual 
lattice curvature, while a small observation distance can result in calculations dominated by the 
accuracy of EBSP indexing [3]. Pattern indexing using a hough transformation allows for an angular 
resolution of about 1 – 0.5o, which can result in image noise in subsequent GND maps. However, the 
speed of the Hough transformation allows for large maps to feasibly be created and statistics 
concerning the GND content as a function of microtexture and other factors to be extracted as well as 
maps of GND content.

Additionally, using an X-shaped kernel, the GND content can be calculated between points of 
orientation measurement obtained by EBSD. In this manner, 4 unique orientations are used in the 
calculation of the lattice curvature tensor, while the observation distance is still relatively small (√2 
times the step size).

A sample of copper was bent around a form and subsequently heat-treated. The GND content was then 
calculated from orientation maps and correlated to the distance to the nearest grain boundary, the type 
of grain boundary, and the microtexture in each of the tensile, neutral, and compressive zones.

  
Figure 1: Sample EBSD maps, showing (a) large grains, (b) high detail of GND character near a grain 
boundary, and (c) an incoherent grain boundary.
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Fabrication and Mechanical Testing of Nanopillars 
 

Matthew Sedore 

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

Synopsis 
The aim of this project is to investigate and develop in-house methods to fabricate nanopillars from different metals 

to better understand observed ultra-strengthening behaviour in small volumes. The focus thus far has been to 

determine the methods available for constructing nano-pillars using the current facilities at Queen’s University, with 

the next steps to evaluate the methods, fabricate pillars, and test them mechanically. The findings will help test 

existing and develop new theoretical models involving materials at such length scales. 
 

Background and Theory 
The literature indicates that nano-whiskers/-pillars achieve significantly higher strengths (µ/50 - µ/11) and higher 

strains than bulk materials. An increasing trend in yield strength, elastic strain, and ultimate tensile strength are 

observed as sample sizes decrease into the nano regime (Fig. 1); and for polycrystals, the Hall-Petch relationship 

breaks down below ~ 50nm grain size.  Research has focused mainly on the size effects and influence of the surface, 

with few satisfactory experiments on temperature and strain-rate effects beyond atomistic simulations.  The 

development of nanopillars with control on geometry and size began in the early 2000s by Uchic et al. [1] and there 

has been a boom in research in this area due to the increased level of control during fabrication. Mechanical testing 

at this scale has been implemented using micro-manipulators and force-controlled nano-indentors.  The data 

obtained shows “ultra strength materials” in which materials near theoretical strengths with high elastic strains are a 

reality.  In the simulations for these materials, the characteristic activation volume is calculated as the important 

parameter describing the deformation mechanisms (i.e. twinning, dislocation nucleation, etc.), and it shows a sized 

effect.  

 

Figure 1: Strength versus diameter for oriented Mo samples.  
Constant lines show bulk maximum strengths [2].  

 
 

Figure 2: Roughly defined Ni [269] single crystal. pillar constructed by 
FIB annular milling at 5nA [1] 

 

Methods 
Methods for fabricating nanopillars include focused ion beam (FIB) milling, depositing of material via physical 

vapour deposition (PVD) and electroplating on a patterned substrate created by electron beam lithography, and 

nanoimprinting will be considered in the project. Mechanical testing is typically performed using nano-indentor with 

diamond flat tip punch for compression tests, or micro-manipulators for tensile tests.  Fabrication techniques will be 

evaluated for nanopillars of FCC (Ni, Ag, Au, Mo, Pt, Ti, and Al), HCP (Ti) and BCC (Mo, W) metals.  The FCC 

materials will cover a range of stacking fault energies.  As well, the sensitivity of the surface to oxidation is a 

concern in Ti and Al (differing from coinage materials), and will be characterized by imaging via electron 

microscopy.  For a few select specimens, controlled displacement rate tests using an instrumented indenter will be 

used to determine the activation volume by strain rate sensitivity measurement. The experiments will be a first 

attempt at studying the sample size effect on rate processes at the sub-micrometer scale. 
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Microstructural Evolution of Hot-Rolled Sheet Steel 

Hayley Scott 

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

 

The aim of this research is to determine the effects of hot rolling/cooling conditions on the 

microstructure of an automotive sheet steel. This work is part of a larger project to understand the 

failure behaviour of a grade of high-strength steel (HR780SF) produced by ArcelorMittal Dofasco (AMD). 

The processing variables studied are the austenite deformation and cooling rate. 

A series of quench-deformation dilatometer experiments were performed on two sets of samples, 

designated ‘Recrystallized’ and ‘Pancaked’. These represent two different deformation conditions. One 

stage of deformation was applied to both sets at a temperature sufficient to allow recrystallization of 

the austenite grains. The ‘Pancaked’ set was then subjected to a second deformation at a lower 

temperature, resulting in a flattened austenite grain structure. Six samples from each set were cooled to 

room temperature at a range of cooling rates between 0.5 and 30°C/s. Measurements of length change 

during cooling at a constant rate provided the start and finish temperatures for each phase 

transformation. These were used to plot the continuous cooling transformation (CCT) diagrams in Figure 

1. 

Four microstructures were identified by optical and SEM metallography: Polygonal Ferrite (PF), Granular 

Bainite (GB), Bainite (B), and Martensite (M). A systematic manual point counting technique was used to 

analyze the quantity of each phase observed in each SEM image. The results agreed well with the 

transformation data in the CCT diagrams.  

Moving forward in this project, the microstructures of industrially-produced sheets provided by AMD 

will be examined by optical and scanning electron microscopy. Tensile testing will reveal the effects of 

microstructural features on the failure behaviour, and hence the ideal microstructure. With this ideal 

microstructure known, these CCT results will be used to determine modifications to the processing 

conditions to reduce the appearance of microstructural features found to be detrimental. 

a) b) 

Figure 1: CCT Diagrams with quantitative phase distribution for (a) Recrystallized and (b) Pancaked austenite microstructures. 
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