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The Life Sciences Sector is experiencing
an unprecedented change in the way
new medicines and medical technolo-
gies are being developed. Increasingly,
visionary companies in the sector are
deploying modeling and simulation to
reduce costs, mitigate risks and increase
innovation. Ultimately, this results in
better medicines, superior medical
products and significantly improved
outcomes for patients.

One big shift in recent years has been
that simulation-based product develop-
ment and virtual prototyping are
increasingly being recognized by the
FDA as valid tools to supplement experi-
mental testing and clinical trials, and
accelerate regulatory approval.
Initiatives like the ASME V&V 40, MDIC,
or Avicenna, drive and guide these
efforts and lobby for the increased
usage of simulation for the support of
benchtop and clinical trials in the medi-
cal device industry. Similarly, in Pharma,
the move from batch to continuous
manufacturing is being promoted by
consortia like CSOPS. This represents a
great opportunity to integrate the use
of simulation early when redesigning
processes, offering the best possible
chance of maximizing ROI.

Yet, with the advancement of simulation
technology, and following the buy-in
and support by the regulatory bodies,
the most essential ingredients — exper-
tise and manpower — must come from
the customer. The leading medical
device design and pharma companies

have realized that investment is critical,
in terms of recruitment as well as the
technology and they have started inte-
grating simulation into clinical trial
studies and are applying it to modernize
their manufacturing processes. The life
sciences industry is also reaching out to
experienced end-users in the automo-
tive and CPI industries to help overhaul
process engineering in big pharma and
integrate new design and testing modal-
ities within medical device companies.
At Siemens, we are fully committed to
bringing you our best-in-class solution
to help the shared vision of virtual
biomed and pharma labs become reality.
We are continuously delivering state-of-
the-art technologies and automated
workflows to help close the gap
between experiments, benchtop tests,
clinical trials and engineering design.
Our capabilities today allow our custom-
ers to look at very complex physics and
geometries and enable an application
range from medical device design all the
way to pharmaceutical manufacturing
processes.

The articles in this Special Report cover
a range of applications from medical
device design to pharmaceutical manu-
facturing processes. We hope they will
inspire you to make simulation an
integral part of your design and manu-
facturing processes and we promise to
do our part to get you there!



Knowledge-based virtual process
to aid abdominal aortic
aneurysm diagnosis

Figure 1: CT scan with AAA; volumetric visualization.
Colors are used only for visualization.

Introduction
A range of diseases and a stressful lifestyle

increase the vulnerability of the human body.

Among such disorders, Abdominal
Aneurysms (figure 1) are a serious, often
fatal, condition. These are related to the
blood circulatory system at the level of the
abdomen and affect 5 percent of men and 1
percent of women over the age of 65. In
particular, an Abdominal Aortic Aneurysm
(AAA) weakens the walls of the blood ves-
sels, and can cause a rupture, which leads to
the spilling of a large amount of blood into
the abdominal cavity. In 80 to 90 percent of
cases (pre-hospital deaths included), such a

rupture is fatal, while elective repair should be
considered only for any AAA with a maximal
diameter of 5.5 cm (men) or 5.0 cm (women).
The classical intervention on a pathological
AAA is based on geometric characteristics and
on the perception of pain by the patient. A
physician performs the evaluation of a pos-
sible surgery after carrying out analyses on
biomedical images of the abdomen obtained
through scanning systems. But not always is
surgery necessary, whereas in some instances
the problem may be underestimated. It fol-
lows that surgeons need an index (risk
indicator or risk score) to make a decision.
Over the past years, a lot of novel diagnostic
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Figure 2: Embedded workflow representation.

techniques have been developed, including
computational tools such as computational
fluid dynamics (CFD), embedded automation
and web services. These tools, which are
quantitative, objective, repeatable and ethi-
cally friendly due to their virtual,
non-patient-specific nature, also have limited
costs compared to the above-mentioned
techniques. The use of computational tools
applied to the analysis of blood flow in
human arteries has grown tremendously over
the last years. Nowadays, such tools provide
detailed and trustworthy information on
hemodynamic quantities, enabling research-
ers to investigate a large number of problems
which were almost impossible to tackle with
traditional engineering flow measurement
techniques. Furthermore, thanks to new
imaging techniques, it is now possible to
perform computations based on realistic
geometries and under real blood flow condi-
tions. As such, fully three-dimensional CFD
models have significantly improved. Today,
CFD allows studies related to local hemody-
namics in the biomechanical processes of the
vascular bed to be carried out quickly and
accurately, and enables experts to test and
validate clinical and surgical procedures more
efficiently than ever before. State-of-the-art
tools have been developed to perform
patient-specific CFD simulations. Using these

techniques, novel risk rupture indicators have
been developed by using imaging methods
from traditional diagnostic tools, such as the
Time Average Wall Shear Stress (TAWSS) and
the Oscillatory Shear Index (OSI).

Analysis

In this study, simulations were performed in
order to extract rules, strategies and proce-
dures to automate the workflow process from
pre-processing to post-processing. For the
pre-processing phase, a benchmark geometry
was used. Figure 2 shows the workflow
implemented by using knowledge-based Java
scripts to automate Simcenter STAR-CCM+™
software’s mesher and solver. The Oscillatory
Shear Index (OSI) was used as the risk indica-
tor. This index is used to identify regions on
the vessel wall which are subjected to highly
oscillating WSS values during the cardiac
cycle. OSl is defined as:

| JWSS(s;t)-dt |
OoSI(s)=0.5-|1- ——MmMM

J IWSS(s;t)|-dt

where s is the wall position and T is the
cardiac cycle period.



Figure 3: Example of grid topology.
A: tetrahedral based; B: polyhedral based; C: hexahe-
dral based.

Pre-processing

Different mesh topologies and grid refine-
ments were assessed (figure 3) using
Simcenter STAR-CCM+. These were based on
polyhedral, non-conformal hexahedral and
tetrahedral elements, all with boundary layer
extrusion to accurately calculate the velocity
gradient near the walls of the vessel. For the
sensitivity analysis of the grid, the verification
procedure proposed by Roache [1] was fol-
lowed. The mesh size varied from 300,000 to
roughly 1,400,000 cells. In addition, the
influence of the boundary layer was taken
into account by comparing the solutions
obtained with various dimensions of prisms
layer, as shown on figure 4.

Solving

The physics and the solver setups had to be
determined in order to automate the solving
process. Two different types of fluids were
compared to model the behavior of the
blood: (a) a simple Newtonian fluid with
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different numerical schemes.

standard properties and (b) a non-Newtonian
fluid with Power-law rheology. The influence
of the time step and number of inner itera-
tions was assessed using the same systematic
approach as adopted for the mesh study.

While keeping the physics and the solver
parameters unchanged, different numerical
schemes were tested and compared:

« Solvers: segregated (S), coupled implicit
(Ci) and coupled explicit (Ce)

 Pressure/velocity coupling: first-order and
second-order upwind convection schemes
(pv1 and pv2 respectively)

e Temporal discretization: first-order and
second-order upwind convection scheme
(t1 and t2 respectively)

Figure 5 shows a comparison of OSl values
computed with the different numerical
schemes. In figure 6, the time history for the
benchmark model and the final average value
of the velocity magnitude inside the vessel
are reported.



As part of his PhD research project under the
supervision of Prof. Giorgio Colombo from the
Department of Mechanical Engineering of the
Politecnico di Milano, Simone Bartesaghi has
developed a virtual automated process to aid
Abdominal Aorta Aneurysm (AAA) diagnosis
and treatments. Tools such as CFD modeling
and simulation are used in the workflow pro-
cess, which starts with medical images (DICOM)
and ends with the 3D visualization of hemody-
namic risk.

Post-processing

To visualize the numerical solution, scalar plots that show the
variations of a number of parameters were drawn on the
surface and inside the vessel. Furthermore, by exporting the
solution-in-time, it was possible to integrate the Wall Shear
Stress (WSS) components and compute the hemodynamic
risk indices. Figure 7 shows a sample of post-processing
images.

Conclusion

This study assessed how the choice of grid, solver models and
features of the fluid (blood) affects the computation of some
specific parameters (such as pressure, fluid velocity, tension
and stress state of the vessel) in the case of an abdominal
aortic aneurysm. The investigation about grid generation led
to the definition of a discretization strategy which is suitable
to represent the physics as realistically as possible. Non-
conformal hexahedral grids allow the representation of the
phenomenon with fewer numerical discretization errors than
the other non-structural grids; as a consequence, the use of a
polyhedral or tetrahedral mesh implies a more refined grid
and therefore a higher number of cells, which in turn requires
more computational time and resources . It is also necessary

to have a good resolution of the boundary layer to compute
the WSS accurately. For the solving phase, a suitable time
step and number of inner iterations, numerical scheme and
fluid rheology were extracted as parameters for the automa-
tion process.

Authors
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Milano, Italy. Until 2012, Ph.D candidate at Politecnico di
Milano, Department of Mechanics, Italy.
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With unprecedented economic pressures and
increased global competition, pharmaceutical
manufacturing companies are continuously
looking to gain a competitive advantage
through improving the efficiency of their
processes and the quality of their products.
Traditional manufacturing processes, which
are batch processes, are no longer sustain-
able and there is no question that continuous
manufacturing is the clear path forward
towards leaner processes. Multi-physics
numerical simulation is emerging as a game-
changing technology to help continuous
manufacturing for Active Pharmaceutical
Ingredients (APIs) become a reality through
virtual prototyping, optimization and model-
ing of the complete system.

The pharmaceutical industry is encountering
a decline in productivity, and outdated “tried-
and-true” batch processes are at the root of
the problem. The batch-based systems cur-
rently in place are inefficient due to
segmented steps involving multiple facilities
and requiring start-and-stop of the batch,
site-to-site transfer and warehouse storage.
Performed through sampling and in

post-production, quality assessment of the
product is also cumbersome, causing long
lead times and waste.

Continuous manufacturing, a non-stop end-
to-end manufacturing process, could
modernize the industry and solve its produc-
tivity crisis. At a recent MIT conference, Josef
Jimenez, CEO of Novartis, stated that chang-
ing production from batch to continuous will
transform the way medicines are made
around the world and could cut the time from
development to market-entry in half [1].
Implementation of these processes will result
in smaller production plants, lower inventory
costs, reduction in carbon footprint and
higher quality products [2].

The regulatory agencies are also starting to
lay the groundwork for continuous manufac-
turing with several initiatives [3, 4], and
regulatory frameworks such as the Process
Analytical Technology (PAT) and Quality by
Design (QbD). Each of these encourages the
development of new manufacturing tech-
nologies by building quality into the process
and using a science-based quantified risk
approach.
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Figure 1: Ultra-lean manufacturing, from start of chemical synthesis to final pharmaceutical dosage form
(courtesy of Novartis-MIT Center for Continuous Manufacturing).

Both the chemical and food processing indus-
tries have been improving their productivity
by successfully integrating continuous manu-
facturing into their plants. It is clear that
regulatory hurdles and conservative thinking
by the pharmaceutical industry can no longer
be used as an excuse to avoid taking pharma-
ceutical manufacturing into the 21st century.

Numerical simulations and continuous
manufacturing

Before continuous manufacturing can
become mainstream, potentially suitable
candidate processes must be identified and
designed, and risks must be analyzed and
mitigated. This will help manage regulatory
compliance and make a business case for
implementation. Multi-physics Computational
Fluid Dynamics (CFD), a numerical method
for predicting the coupled behavior of fluid,
gas and particulate flows including heat and
mass transport, offers a solution for the
enhanced understanding and design of these
novel processes.

Virtual prototyping

Traditional manufacturing processes are
based on the “design-build-test” principle in
which the effects of design changes are
quantified by experimental tests on physical
prototypes. There are currently very few
suppliers who are developing integrated
systems for continuous manufacturing and,
as a result, physical prototyping is anticipated
to be very costly. Numerical simulations
enable the engineer to build a virtual labora-
tory, providing insight into the performance
of a product before tests are carried out. This
means that the uncertainty resulting from
major process and equipment changes can be
evaluated up front, leading to a significant
risk reduction and cost savings.

Multi-physics CFD and state-of-the-art visual-
ization tools also offer a wealth of detailed
information, not always readily available from
laboratory or experimental tests. This not only
results in an increased level of insight into the
details of what is going on inside the

1



Case study one:
Direct Element Modeling for pill coating

Figure 2: DEM simulation with Simcenter STAR-CCM+ showing tab-
let velocity magnitude as they tumble in a coating pan.

DEM simulates the motion of a large number of interact-
ing particles and tracks them in a numerically efficient
manner, modeling contact forces and energy transfer
due to collision and heat transfer between particles.
DEM will be particularly important in the design and op-
timization of continuous coating processes to help iden-
tify the important factors for equipment design (e.g.
number of spray guns) and to determine optimal equip-
ment operation conditions (e.g. inlet temperature).
Figures 2 and 3 show Simcenter STAR-CCM+ generated

processes but also enables innovation. For example, multi-
physics CFD can help explore new reactions and molecules
for drugs manufactured with a continuous process.

Design exploration and optimization

In recent years, the phenomenal increase in computing
power and the maturing of robust simulation tools have
paved the way for using numerical design optimization in
production environments. Parameter studies and optimiza-
tion will be vitally important for designing and tuning of the
new (often smaller) equipment required for continuous
manufacturing while ensuring that the operation can effi-
ciently handle fast reactions and remains flexible.

In addition, the CFD-generated responses - obtained through
design of experiments over a range of operating conditions
and equipment design parameters - can be combined with
statistical models to identify risk and implement robust
real-time process control. This will ultimately result in
reduced variability and consistent, repeatable processes.
Optimate™ (a module in Simcenter STAR-CCM+ using HEEDS
software) is an example of a tool that enables intelligent
design exploration to easily consider “what if” scenarios and

12

Figure 3: DEM simulation for tablet coating with Simcenter STAR-
CCM+ showing pill coating thickness in a fluidized bed.

solutions for two types of equipment currently used for
real-world tablet coating: coating pan (rotating drum)
and fluidized bed. In these simulations, DEM is used to
analyze the random movement of the particles as layers
of coating are applied. Parameters such as particle ve-
locities, residence time and coating thickness are
tracked to assess and improve tablet coating uniformity.
In addition to tablet coating, DEM can also be used to
simulate other steps in manufacturing such as filling, fil-
tering and conveyer processes.

identify the critical manufacturing points that define quality.
For example, feeding devices for continuous manufacturing
influence all downstream operations and design exploration
of parameters, such as feed rate, will help identify their
impact on final blend uniformity.

Simulating the system

Solving complex real-world problems demands an accurate,
easy-to-use, multidisciplinary approach to simulating com-
plete systems. CFD-focused multi-physics engineering
simulation tools such as Simcenter STAR-CCM+ can accurately
deliver full spectrum engineering results and the pharmaceu-
tical industry should fully leverage these tools in support of
the development of continuous manufacturing processes. Up
until now, integration of numerical simulations in a produc-
tion environment has required a great deal of specialized
knowledge, but this is no longer a showstopper. Automation
and ease-of-use are enabling the deployment of CFD for
complex multi-physics applications.

For example, Simcenter STAR-CCM+ offers state-of-the-art
meshing, seamless integration with CAD and easy modeling



Case study two:
Eulerian Multiphase modeling for mixing

Figure 4: Mixer model showing the effects of increasing gas injection rate using Simcenter STAR-CCM+.

EMP modeling provides an effective means for studying
the interacting streams and randomly dispersed phases
in multiphase flows. The EMP model in Simcenter STAR-
CCM+ includes an extensive range of sub-models such
as break-up and coalescence models for bubbles and
droplets, and a granular flow model for particles. Figure
4 demonstrates an EMP simulation of a gas-liquid mixer
with three rotating impellers. Shown are the effects of

of complex moving parts, all in a single integrated environ-
ment. The net result is more time for an engineer to analyze
data instead of preparing and setting up the simulations,
resulting in engineering success. Seeing the "big picture” for
continuous manufacturing will require a multi-physics
approach to solving problems. Be it mixing, coating or drying,
multiphase flows lie at the core of the pharmaceutical pro-
cessing industry. Capabilities such as Discrete Element
Modeling (DEM), a numerical method for computing the
interaction of a large number of small particles, and Eulerian
Multiphase Modeling (EMP), a numerical method for simulat-
ing several phases in a system, will be invaluable for
implementing continuous manufacturing of APIs. The two
case studies in the article nicely demonstrate these
capabilities.

Conclusion

In today’s competitive climate, manufacturing must become
leaner with a focus on building quality into the process.
Continuous manufacturing for the pharmaceutical industry
will change the way drugs are made and multi-physics CFD
simulations offer a cost-effective way to perform rapid

increasing gas injection rates on gas. The ability to pre-
dict gas hold-up, a parameter that governs mass trans-
fer across the phases and consequently rates of reac-
tion, is a key enabler in the design of such reactors. This
approach adds valuable scientific insight into the deci-
sion-making criteria to develop practical solutions for
mixing and other processes in continuous manufactur-

ing.

prototyping for design of new equipment and processes. In
particular, design optimization tools and powerful multiphase
models such as DEM and EMP will play an important role, and
the pharmaceutical industry should fully leverage these
state-to-the-art technologies for the design and implementa-
tion of continuous manufacturing processes.
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The simulation group at the Mechanical and
Aerospace Engineering Department at the
University of Central Florida has pushed the
boundaries of numerical simulation to new
frontiers as they recently collaborated, under
the guidance of Dr. Alain Kassab with Dr.
William DeCampli of The Heart Center at
Arnold Palmer Hospital for Children and with
support from the American Heart Association
to better understand and to investigate
potential improvements of surgical tech-
niques for pediatric congenital heart diseases.

Congenital heart defects are the most com-
mon type of birth defects, affecting nearly
40,000 children every year in the U.S.
Congenital heart disease (CHD) is responsible
for more deaths in the first year of life than
any other birth defect. CHD involves defects
in the structure of the heart, including the
walls, arteries, valves and veins near the
heart, resulting in an abnormal blood flow or
complete blockage. Many types of CHD don't
need treatment but in some cases, medica-
tion or surgery is required to save the
newborn. With no known cause and difficul-
ties in identifying symptomes, it is paramount
to understand fully the effects of the disease
to fight against it.

A rare form of congenital heart disease is the
hypoplastic left heart syndrome (HLHS), a
condition of abnormal growth of the left
ventricle, aorta, mitral and aortic valves,
resulting in the inability of the left side of the
heart to pump enough blood into the body.
This causes an abnormal load on the right side
of the heart. While the right ventricle can
manage this for a while, the load eventually

increases, resulting in the failure of the right
side and death. Surgical treatment of this
condition involves three steps called staged
palliation: the Norwood operation converts
the right ventricle into the main ventricle
pumping blood to the lungs and body; six
months later, the Glenn Operation diverts half
the blood to the lungs; and finally 2 to 3 years
later, the Fontan Operation regulates all
deoxygenated blood to flow passively through
the lungs. The Norwood Operation (see
image) is the most complex and challenging
surgical procedure of the three, as it is per-
formed immediately after birth.

The operation involves dividing the pulmo-
nary artery with the end closer to the lungs
shut and the end closer to the heart con-
nected to the aorta to create a new aorta,
through which blood from the right side
leaves into the body. Then one of the branch
pulmonary arteries (usually the right pulmo-
nary artery) is connected to the innominate
artery by a synthetic graft, called a Blalock-
Taussig (BT) shunt, to enable the blood to
flow to the lungs. Due to the invasive nature
of the operation, there is a high risk of mor-
tality. Alternatively, a less invasive procedure
is the Hybrid Norwood (HN) Palliation which
puts off the risk of open heart surgery to a
later age. The HN procedure involves a lim-
ited incision in the chest, placing a stent in
the arterial ductus and banding the left and
right pulmonary arteries individually without
cardiopulmonary bypass. This keeps the
ductus arteriosus open, allowing blood flow
to the aorta. A balloon atrial septostomy is
performed which involves the use of a trans-
catheter balloon to enable blood to flow from
the left to the right side of the heart. This
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Figure 1: Comparison of normal heart and Hypoplastic
left heart syndrome (Source:www.en.wikipedia.org).

procedure avoids cardiopulmonary bypass
and circulatory arrest which may improve
survival, as well as neurologic and cardiac
functional outcome. There is a risk of immedi-
ate or delayed obstruction in the aortic
isthmus after the stent deployment, which
can lead to coronary or cerebral hypoperfu-
sion in patients with aortic atresia. There is
also a risk of under/over circulation to one or
both lungs, which makes it paramount to
understand the complex hemodynamic prop-
erties and blood flow associated with the HN
procedure. Placing a main pulmonary artery-
to-innominate artery (MPA-IA) shunt, also
called reverse BT shunt (RBTS), may prevent
myocardial and cerebral ischemia due to the
stenosis of the aortic isthmus. Though the
placement of the shunt is straightforward,
the resulting hemodynamics is very complex
and can result in the obstruction of blood
flow again. The University of Central Florida
(UCF), in association with The Heart Center at
Arnold Palmer Hospital for Children, Orlando

Atrial septal defect
(opening between the atria)

and the American Heart Association, have
come together in an effort to understand the
complex global and local hemodynamics of
HN circulation. This article details the use of
the modern methodology of numerical simu-
lation to assist in understanding the effects of
a reverse BT shunt and resulting anomalous
flow patterns, which will help with increasing
the safety of the procedure

Finding the optimal approach to the staged
reconstruction of the HLHS with simulation
The goal of this collaboration was to develop
a multi-scale CFD model to better understand
the complex hemodynamics resulting from
the hybrid Norwood variant of the first stage
reconstruction of the HLHS, and in particular
to investigate the effects of distal arch steno-
sis and reverse Blalock Taussig shunt size. A
representative anatomical model of the
Hybrid Norwood circulation with reverse BT
shunt was simulated to understand the
following:

mall (hypoplastic)
left ventriculum

‘S
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Effects of distal arch stenosis and
reverse BT shunt implantation on
coronary, pulmonary and carotid
blood flow;

Anomalous flow patterns, such

as recirculation and impingement
zones, which may lead to vessel wall
remodeling and/or thrombi formation.

The multi-scale approach combined a
1-D lumped parameter model (LPM) of
the peripheral circulation coupled with
a localized rigid-walled 3-D CFD model
(see image) of the Hybrid Norwood
anatomy with RBTS. A total of six ana-
tomical models were analyzed to fully
understand the effects of different
stenosis configurations in comparison
to the normal procedures. The models
analyzed (shown in accompanying
image) were:

e Two nominal models, with and
without RBTS, with ‘typical’ hypoplasia
of the distal arch;

e Four stenosed models with moderate
(70 percent) and severe (90 percent)
reduction in lumen, with and without
RBTS.

The RBTS was of 4 mm diameter in all
cases. The simulation approach involved
calculating the boundary conditions for
the CFD model with the LPM of the
circulatory system and then simulating
the flow through the HN model using

Simcenter STAR-CCM+. The surface
wrapper was used to clean up geometri-
cal imperfections from the CAD model
and the resultant surface was remeshed
using the surface remesher for
improved triangulation. A trimmed
mesh consisting of hexahedral ele-
ments, in conjunction with prism layers
to accurately capture the boundary
layer was used to discretize the volume.
The final mesh ranged from 1 to 1.2
million elements and grid convergence
studies were run with different total
volume elements to prove the mesh
independence of the solution.

The 3-D flow field was obtained by
numerically resolving the Navier-Stokes
mass and momentum conservation
equations. Blood was modeled as an
incompressible, Newtonian fluid with a
density of 1,060 kg/m3 and a viscosity
of 0.004 Pa-s. The simulations were run
as an unsteady, implicit case with a

16

Figure 2: 3D model of the Hybrid Norwood anatomy with reverse
BT-shunt (RBTS).

time-step of 4.62 ms to provide a time
independent solution for 130 beats/
min.

The multi-scale approach used the LPM
to tune the initial circuit and produce
flow and pressure waveforms that
match the targeted flow splits and
pressure variations which are imposed
to the CFD model. Unsteady simulations
using Simcenter STAR-CCM+ generated
the resulting flow field and pressure
waveforms and the LPM resistances
were modified to match the CFD pres-
sure waveforms’ mean value over a
cycle. The new flow splits from the LPM
circuit were fed to the CFD model and
iterations were performed until conver-
gence for the final solution was
obtained.

Simulation throws light on the effects
of RBTS placement

The resulting flow fields (see image)
from the multi-scale approach for all
models were analyzed in detail. The
results indicate that placement of the
RBTS in the stenosed configurations is
an effective measure to restore flow
rate and pressure values to near nomi-
nal levels, The velocity flow field
showed several zones of recirculation
and stagnation in the aortic arch with

distal arch obstruction. The flow fields
in the RBTS cases showed that these
zones were eliminated, resulting in a
more orderly flow. Thus, the RBTS may
eliminate the risk of thrombotic arch
occlusion or thromboembolism from
abnormal flow. Different secondary
flow structures are present throughout
the cardiac cycle. Analyzing the pres-
sure (accompanying image) on the
walls showed that a high pressure in
the pulmonary root may lead to pulmo-
nary root dilation, which was seen to be
alleviated in the models with RBTS. A
graphical comparison of the volumetric
flow rates shows the increased, orderly
flow resulting from 90 percent RBTS
flow.

The nominal RBTS model was analyzed
to simulate the preventative placement
of a RBTS before significant distal arch
obstruction develops. The resulting flow
field showed that the RBTS did not
change the overall hemodynamics
substantially; however it led to recircu-
lation zones in the innominate artery
and part of the aortic arch as well as
chaotic flow within the graft, resulting
from low shear stress. Therefore, the
preventative placement of a RBTS may
increase the risk of thrombosis and
occlusion.
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Figure 5: Multiscale coupling of Lumped Parameter Model (LPM) and CFD model.
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Conclusion
Advanced simulation techniques were used to better under- This article is based on a collaborative project between
stand the complex hemodynamics during the Hybrid Norwood the Dept. of Mechanical & Aerospace Engineering at the
procedure for HLHS. Currently, in addition to CFD, a two-way College of Engineering Technology of the University of
coupling of Simcenter STAR-CCM+ to Abaqus is being imple- Central Florida, The Heart Center at Arnold Palmer
mented to also analyze the fluid-structure interaction (FSI) of Hospital for Children in Orlando with support from a
the model. This work is an excellent example of the benefits Grant in Aid (11GRNT7940011) from the American
and use of numerical simulation to better understand surgical Heart Association.

procedures where information is minimal. Long confined to
the aerospace and automotive industry, the benefits of numer-
ical simulation are now spreading their wings to a wide variety
of innovative new applications and the field of Life Sciences
will greatly benefit from CAE technology.
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Chronic Kidney Disease (CKD) is an increasing
public health issue affecting more than 8
percent of the global population. The most
severe stage of CKD is end-stage renal disease
(ESRD) which is a total failure of the kidneys,
requiring either dialysis or a kidney transplant
for the patient to live. Statistics show that
more than 50 percent of the patients suffer-
ing from ESRD do not meet the requirements
for a transplant and hence depend on dialysis.
An estimated two million people are currently
receiving dialysis treatment worldwide. The
majority of patients receiving this treatment
are from five countries (US, Japan, Germany,
Brazil and Italy) with a major populace of
patients from the rest of the world not receiv-
ing treatment due to a lack of access to
dialysis and the unaffordable cost of this
expensive procedure [1].

Improved survival of patients on hemodialy-
sis, coupled with the inability to provide
enough renal transplants for the growing
ESRD population, have resulted in an increase
in the average time and number of patients
on dialysis. When ESRD occurs, the kidneys
cannot remove harmful substances from the
blood. Hemodialysis removes the blood from
the body and runs it through a special filter to
eliminate the unwanted substances, and
pumps the blood back into the body. The key
requirement for hemodialysis is to draw the
blood from inside the body. Access through a
catheter is a short-term solution but longer-
term, a connection between the arteries and

the veins, known as an Arterio-Venous
Fistulae (AVF) is established in the wrist or
upper arm of the patients. When the AVF
dilates, blood flow through it is increased
substantially and this provides an access point
to remove blood from the body for
purification.

Complications associated with vascular access
and in particular the stability of AVFs is a
major cause of morbidity among ESRD
patients [1]. The patency of AVF is often
severely reduced by the inflammatory disease
Intimal Hyperplasia (IH) and/or by thrombosis,
causing unfavorable clinical outcomes, addi-
tional costs for healthcare systems and even
death. AVF failures place a heavy cost burden
on public-health systems, rendering such
treatments expensive. These complications
have established a need for a functional,
durable and cost-effective vascular access. A
team of researchers from Imperial College
London are working towards using modern
computational tools to develop novel AVF
configurations with ‘favorable’ blood flow
patterns, providing guidance to surgeons for
dialysis treatments, and eventually making
the procedure cheaper and less prone to
failure due to IH. The team, consisting of
researchers from Imperial College Renal and
Transplant Centre, the Department of
Medicine, the Department of Bioengineering
and the Department of Aeronautics are col-
laborating with the Academic Health Science
Centre and NIHR Comprehensive Biomedical
Research Centre to use computational fluid
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Figure 1: A schematic illustration of an AVF in the arm, formed by anastomosing a vein onto an artery.

dynamics (CFD) to solve this internationally
relevant healthcare problem. This article gives
a brief overview of the research currently
being undertaken at Imperial College London
towards a safer, cost-effective dialysis
procedure.

AVF are access points to the blood circulation
for hemodialysis, created by a vascular sur-
geon using the patient’s native vessels. The
vessels used - an artery and a vein -are joined
(anastomosed) with the end of the vein
attached to a 5mm hole made in the side of
the artery [2]. The blood flow, diverted from
the artery into the vein, causes the vein to
become enlarged and thicker, allowing place-
ment of a large-gauge needle. In fact, in
response to the steep pressure gradient
existing between the arterial and the vein,
the blood flow rate will increase and eventu-
ally the access will be able to deliver a blood
flow of 300 to 500 ml/min [3], necessary to
perform dialysis. As a comparison, the normal
blood flow through this area of the arm is
around 50-100 ml/min.

Although AVF represents the gold standard of
treatment for eligible patients, they still have

a high failure rate of almost 50 percent [4]
within the first month after their creation.
Intimal Hyperplasia in the AVF occurs due to
an abnormal thickening of the tunica intima
of a blood vessel as a complication of the
physiological remodeling process, triggered
by altered flow conditions. This abnormal
expansion negatively affects the patency of
the AVF and eventually leads to its obstruc-
tion [5].

In recent decades, CFD, a numerical simula-
tion technology first developed for aerospace
applications, has become a popular alterna-
tive to experiments and has been used as a
design tool in the life sciences industry.
Applications of CFD include biomedical device
design, as well as numerical diagnostics and
pharmaceutical manufacturing. With the use
of numerical simulation, the research team at
Imperial College London analyzed multiple
AVF configurations to understand the impact
of the geometry on the blood flow patterns
and the likelihood of failure. CFD allows the
study of blood flow in the vasculature and
any required metrics of the flow, to be calcu-
lated based on a definition of the vascular
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“We have a warm collaboration of research team members with a
unique coincidence of expertise in management of patients with di-
alysis at the largest UK centre, and excellence in Computational
Fluid Dynamics applied in clinically-based models of arterio-ve-
nous fistulae. Vascular access is the vital conduit between the pa-
tient and the technology of the dialysis machine, without which
many patients will not survive established renal failure. Up to half
of arterio-venous fistulae do not mature to use after surgical for-
mation as a result of a biological process in the blood vessel wall
called neointimal hyperplasia. Simcenter STAR-CCM+ has allowed
us to obtain a better understanding of flow patterns within fistulae,
and their relation to neointimal hyperplasia. This has paved the
way for clinical pilot studies to examine the configuration of arte-
rio-venous fistulae which we hope will result in meaningful im-
provement in outcomes for patients.”

Dr. Neill Duncan

Renal Consultant and Clinical Lead for Dialysis
Imperial College London, Renal and Transplant Centre and Honorary Senior Lecturer
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Figure 2: CAD model of AVF configuration formed in the arm via
‘virtual surgery’.

geometry and inflow boundary conditions. Experiments are
often difficult to perform for obtaining flow patterns in AVF
configurations and present various limitations in human
subjects, resulting in only scant data being available. Metrics
of most interest, such as Wall Shear Stress (WSS) and
Oscillatory Shear Index (OSI), a measure of time variation of
the direction of wall shear stress vector, are not readily
available from experiments. Numerical simulation enables
researchers to properly visualize such complex flow phenom-
ena in greater detail and is non-invasive, with the ability to
analyze multiple designs quickly and efficiently.

The simulation process
The process begins by obtaining a CAD model of the native
arteries in the arm. Various AVF configurations are then

formed on this native geometry via ‘virtual surgery’ (figure 2).

Simcenter STAR-CCM+ software, is then used to simulate the
blood flow through each AVF configuration. Simcenter STAR-
CCM+ is a single integrated package with a CAD-to-solution
approach and optimization capabilities enabling the user to
effectively analyze multiple design variants and optimize for
best design.

The AVF configurations were discretized using the automated
polyhedral cell meshing technology of Simcenter STAR-CCM+
with approximately 10 million polyhedral cells for each

Figure 3: View of the volume mesh at the AVF.

design. A close-up view of a volume mesh with prismatic
layers at the wall is seen in figure 3. Automated prism layer
generation on the walls was used to resolve the boundary
layer flow at the wall of the vein, artery and AVF. The compu-
tational mesh was properly refined near the connection to
capture the fine scale flow features. Incompressible Navier-
Stokes equations were solved in the entire domain with the
blood being modeled as a Newtonian fluid with constant
viscosity. The inflow conditions for blood flow into the artery
were considered to be non-pulsatile in the initial stage with
further simulations incorporating transient pulsatile flow as
the boundary condition. The walls of the vessel were consid-
ered as rigid, no-slip walls.

Expected value of simulation

Figure 4 shows the contours of a passive scalar advected with
the blood flow on planar sections at constant intervals along
the artery, vein and the AVF connection for one of the
designs. The concentration of the passive scalar gives a visual
indication of how the blood is mixed in the AVF. The results
from the simulation enable a qualitative assessment of the
blood flow patterns. The non-physiological hemodynamics in
this region causes WSS to fluctuate greatly. This behavior
could result in the failure of the AVF due to inflammation.

“Simcenter STAR-CCM+ has played a critical role in our research — allowing us
to better understand flow physics within AVF, and helping us work towards
improving their design and function. The highly cross-disciplinary research
ethos at Imperial, combined with its world-leading clinical centres, provides
the perfect environment in which to conduct this type of research.”

Dr. Peter Vincent
Lecturer in Aerodynamics, Department of Aeronautics,
Imperial College London
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The passive scalar concentration along a
centerline plane in the AVF is seen in
figure 5, showing uneven mixing of the
blood at the junction of the AVF. Figure
6 shows streamlines of the blood flow
through the connection. Such results
from Simcenter STAR-CCM+ enabled the
research team to clearly identify areas
of recirculation, swirl, high vorticity,
high velocity and high/low wall shear
stress in the fistula area. The hemody-
namic parameters can also be studied
individually upstream and downstream
of the fistula to identify problem areas.

Conclusion

The team of researchers from Imperial
College London is undertaking numeri-
cal simulations to improve clinical
outcomes for dialysis patients and
reduce the financial burden for health-
care providers, by developing better
designs to decrease the failure rates of
AVF. Reduced rates of AVF failure will
lead to improved patient experience,
survival rate and cost-utility, making
dialysis potentially affordable for lower-
income populations. It is hoped that
results from the study will also help
solve a range of other long-standing
healthcare problems, such as failure of
vascular stents, arterial bypass grafts
and organ transplants, due to IH. The
ultimate objective of the research team
is to provide guidance to the surgeons
on the configuration of AVF for healthy
flow patterns and reduced potential for
failure. This serves as an excellent
example of the far-reaching impact of
numerical simulation into our daily life,
helping save lives with the same ease as
which it helps to build products.
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“Haemodialysis is a predominant modality for the treatment of end-
stage kidney failure. It is dependent upon high-quality vascular ac-
cess to the blood stream to allow effective removal and treatment
of patients’ blood through a dialysis machine. The preferred meth-
od is through the use of an established native arterio-venous fistu-
la, created by the surgical anastomosis of a patient’s own artery
and vein, usually in the arm. This technique however is hampered
by the high failure rate of these fistulae given that up to 50 percent
fail before being used for the first time. In order to improve both
clinical outcomes and patient experience, we are looking at new
ways to address this important medical problem. It is exciting to be
part of a multi-disciplinary research group within Imperial College,
working with a wide range of aeronautical engineers, bioengineers,
radiologists, nephrologists and surgeons, translating basic science
and engineering concepts through to bedside patient care. Compu-
tational Fluid Dynamic simulations look to be central to our ap-
proach of understanding both why arterio-venous fistula failure
occurs but also to design strategies to overcome this problem.”

Dr. Richard Corbett
Imperial College London
Renal and Transplant Centre
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Solid dose tablet manufacturing processes
often lack reliability and robustness as a
result of errors in production and a shortfall
in process control. Facing unprecedented
economic pressures, pharmaceutical manu-
facturing companies are continuously looking
to improve on the quality of their products
and the productivity of their processes. Multi-
physics numerical simulation is emerging as a
game-changing technology to help step up
efficiency, enhance quality, and shorten
time-to-market through virtual prototyping
and optimization.

Tableting (compression from a powder into a
solid dose tablet) and tablet coating are two
vitally important steps in the tablet manufac-
turing process that ultimately determine the
weight, thickness, density, hardness and
coating of the final solid dosage form.
Variability in any of these attributes not only
negatively impacts the release profile and
therapeutic efficacy of the medicine, it alters
the disintegration and dissolution properties
of the tablet, leads to tablet defects and
causes breakage during bulk packaging and
transport.

With the adoption of novel manufacturing
processes such as nonstop end-to-end pro-
cessing, and the push to build quality and
efficiency into production, solid dose tablet
manufacturers have a challenging road ahead
of them because they must pinpoint the key
factors and requirements that will lead to
robust and repeatable processes, resulting in
superior products.

Multi-physics Computational Fluid Dyna-
mics (CFD) is a numerical method for
predicting the coupled behavior of fluid, gas
and particulate flows including heat and
mass transport. A significant advantage of
using numerical simulations is that it allows
for the validation of a design or process
before physical tests need to be carried out.
For example, the development of a new
tablet shape or coating material calls for
performing an extensive number of costly
and time-consuming experiments to avoid
unexpected variations, identify unpredictable
process parameters and address scale-up
problems. Studying these effects through
numerical simulations can greatly reduce
time, material and development costs. In
addition, numerical visualization tools offer a
wealth of detailed information, not always
readily available from experimental tests.
This not only results in an increased level of
insight into the details of what is going on
inside the processes, it enables innovation.

With its automated polyhedral meshing
technology and comprehensive range of
physics models, Simcenter STAR-CCM+ soft-
ware is a complete multidisciplinary
simulation toolkit to tackle a wide range of
applications in the pharmaceutical industry.
One capability in Simcenter STAR-CCM+ that
is particularly well-suited for the simulation of
tablet manufacturing processes is Discrete
Element Modeling (DEM), fully coupled with
numerical flow simulations and delivered in a
single software environment.
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Figure 1: Simcenter STAR-CCM+ simulation with DEM showing a pharmaceutical powder packed and com-
pressed inside a tablet die. Variations in color reflect the nonuniformity of the granule distribution.

Tableting and coating involve a large number
of discrete particles that interact with each
other and the fluids surrounding them. DEM
accurately tracks these interactions and
models contact forces and energy transfer
due to collision and heat transfer between
particles and fluids. The DEM capability in
Simcenter STAR-CCM+ can predict dense
particle flows with more than one million
particles in a reasonable time, making it
practical for analyzing real-world tablet
manufacturing processes such as filling,
compressing/compacting, coating and drying.

Figure 1 shows the results obtained from a
Simcenter STAR-CCM+ simulation of precom-
pression in a tablet press to determine how to
overcome common tablet defects such as
capping, (splitting of the tablet's upper cap)
that often occur as a result of entrapment of
air and migration of fine particles, during the
compression process. DEM is used to track the
interaction of the particles with each other
and with the die as they are re-arranged and
move into the empty spaces during precom-
pression. This simulation offers a detailed
look at the uniformity of the granule distribu-
tion and can help determine the optimal
precompression force and dwell time required
to ensure that fine particles will be locked in
place before compression starts, greatly
reducing the risk of incurring common tablet
defects during production.

DEM simulations with particle-fluid interac-
tions also provide realistic solutions to assess
the uniformity of film coating thickness, a
critical parameter for tablet quality. Figure 2
depicts a simulation performed with
Simcenter STAR-CCM+ for the coating process
in a fluidized bed where DEM is used to
analyze the random movement of particles as
their trajectories change while layers of
coating are applied. Parameters such as
particle velocities, residence time and coating
thickness are monitored during the simula-
tion. These can be fed as objective functions
into Optimate™, a module in Simcenter
STAR-CCM+ that enables intelligent design, to
help identify the important factors for equip-
ment design (e.g. nozzle spacing) and to
determine optimal equipment operating
conditions.

Simcenter STAR-CCM+ also has a novel
Lagrangian passive scalar capability, enabling
the user to easily monitor the coating thick-
ness and other features of tablets. Figure 3
illustrates a case where 70,000+ tablets are
tumbled in an industrial coater. The goal of
the study is to improve on inter-particle
coating uniformity by determining optimal
spraying equipment settings in the tumbler.
Two Lagrangian passive scalars representing
coating thickness are defined: one with
source volume confined to one cone above
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the surface, another with source volume
confined to two cones and with an effective
spray area identical to the one of the first
passive scalar. Using this approach, a single
simulation allows for a comparison of the
inter-particle coating uniformity for two
different spray zones and the result indicates
that the two-spray configuration provides a
more uniform coating distribution.

Conclusion

In today’s competitive climate, manufacturing
of solid dose tablets must have a focus on
building quality and efficiency into processes,
and multi-physics CFD simulations offer a
cost-effective way to achieve this through
rapid prototyping and optimization.

The complex flow-fields associated with
tableting and coating can be addressed with
ease by using the high-end physics models
delivered by Simcenter STAR-CCM+, including
the powerful DEM and novel passive scalar
capabilities. Users in the pharmaceutical
industry are fully leveraging these state-of-
the art technologies as it opens the door to
explore innovative ways to improve quality,
reduce cost and shorten time-to-market.

-0.001

Coating thickness

! 0.052

0.006
0.005 . - S
e ; __.--""'"r'-'-r
B P ¥ -
Thickness variation: =
0.004 1 spray -

0.003

Thickness variation:
2 sprays

0.002

0.001

5 5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8 5.9 6
Physical time (s)

Figure 3: Simulation with Simcenter STAR-CCM+ comparing coating thickness variation of
one and two sprays in a tumbler.
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Cements are commonly used in dentistry, but
there is very little knowledge of how their
flow patterns influence the performance of
dental systems. One area in dentistry where
shape optimization should be considered is
cementing of implant restorations. It has
been shown that extrusion of excess cement
at the crown-abutment margin during the
seating of a cement-retained crown

over an implant is a major cause of peri-
implant disease [1-4]. Recent advances in
simulation are now enabling an increased
level of insight into the details of the cement
flow in these complex systems, opening the
door for addressing the potential health
issues associated

with them and developing innovative
implant designs.

The cements used in dentistry are non-New-
tonian and shear-thinning in nature [5]. This
means that as more stress is applied, the
cement starts to flow more readily. The stress
in the system and therefore the implant
shape is expected to significantly influence
the flow patterns of cement including the
volume of extrusion of cement into the
surrounding tissue and the magnitude of
extrusion forces. These parameters have a
significant impact on the surrounding peri-
odontal tissue [3, 4] and may lead to long
term peri-implant disease, a destructive
inflammatory condition affecting the gums.

The problem of peri-implant disease as it
relates to cement extrusion must be
addressed from a “systems control” solution.
Understanding cement flow patterns, appro-
priate placement sites and controlling
volumes are all critical for finding ways to
address the ongoing health issues associated
with cement-retained implant restorations.
Crude models have been used to gain some
understanding of cement flow, including
using clear plastic beakers to visualize the
behavior and studying implant abutments
with cast crowns. Using a “design-build-test”
principle in which the effects of design
changes are quantified by experimental tests
on physical prototypes is often costly and
time-consuming [5, 6]. Simulation, on the
other hand, opens the door for virtual proto-
typing and the dental industry is now
beginning to better understand their complex
systems by taking advantage of the benefits
numerical simulation has to offer. This is
destined to result in a paradigm shift within
the dental field.

Simcenter STAR-CCM+ was used to perform
numerical simulations on the complete
implant abutment, cement and crown
system.

Realistic implant abutment and crown forms
from scanned stereo lithographic (STL) files
provided data points for parameterization of
the implant shape (figure 1) and a polyhedral
mesh was developed utilizing the overset



meshing technology available in Simcenter
STAR-CCM+ to simulate the relative motion of
the crown as it travels over the implant. The
Volume of Fluid (VOF) multiphase model was
used to simulate the flow of cement in the
system as it is particularly well-suited for
immiscible fluids (like cement and air) and it
enables capturing the position and shape of
the interface between the dental cement and
surrounding air as the crown is seated.
RelyXTM cement (3M ESPE) was chosen for
this study and its non-Newtonian properties
were simulated using the Herschel-Bulkley
model for non-Newtonian fluids in Simcenter
STAR-CCM+.

Figure 2 depicts a cross-sectional cut through
the overset mesh, showing volume fraction of
cement at the start of the simulation, with

red representing 100 percent cement and
blue representing 100 percent air. In this
case, 35mm3 of cement was loaded near the
crown margin, in a '~ toroid shape [7].

Recently, Wadhwani et al [6] have studied
how implant abutments can be modified to
control cement flow patterns and minimize
cement extrusion. The in vitro study was
performed on three types of abutments
shown in figure 3 (top row):

* A Closed Abutment (CA), with the screw
access channel sealed off.

* An Open Abutment (OA) with the screw
access channel left open.

* An Internal Vent Abutment (IVA) with two
additional round vents placed in the axial
walls of the OA, 180° apart.

Figure 4 shows how much cement was
retained in each system in the lab, clearly
indicating that the amount of excess cement
extruded at the crown-abutment margin was
greatest for the CA, followed by the OA and
the IVA. The photographs in figure 3 (bottom)
also reveal that there is a better infill of the
screw access channel with the IVA abutment
as compared to the OA abutment.

Numerical simulations enable the engineer to
build a virtual laboratory, providing insight
into a product’s performance before tests
need to be carried out. State-of-the-art

Figure 1: Parameterized model of implant abutment
and crown.

visualization tools available in Simcenter
STAR-CCM+ offer a wealth of detailed infor-
mation not readily available from laboratory
tests or from observations in the dentist’s
chair, including visualizing the flow of cement
in the system (figure 5). Using Simcenter
STAR-CCM+, the effects on the cement flow
patterns were studied by varying four vari-
ables in the system:

1. Implant abutment design.

2. Cement application site.

3. Speed of crown seating.

4. Amount of cement in the system.

First, the three types of abutments were
analyzed and simulation results were com-
pared to the findings from the experimental
study [6]. This served as a validation of the
numerical methods used. Figure 6 shows the
geometry of the three models (CA, OA, IVA)
in Simcenter STAR-CCM+.
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Figure 7 depicts the solutions obtained with Simcenter STAR-
CCM+ for each of the abutment modifications, showing the
volume fraction of cement at the starting and ending posi-
tions for each of the systems. In this simulation, the cement
was loaded in the shape of a > toroid near the margin of the
crown and the crown traveled at a speed of 7 mm/sec. The
amount of cement in the system was identical for each of the
three abutment modifications shown (~35 mm3).Numerical
simulations for each of these geometries showed realistic
cement flows and predicted the trends observed in previous
studies. As observed in the lab, the simulations predicted that
the amount of excess cement extruded from the system is
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Figure 3: Abutment modifications (top) and effects of modifications on

100% cement 100% air X
5 THE cement retention (bottom).

Figure 2: Mesh and cement loading for simulations with
Simcenter STAR-CCM+.

0.15

significantly larger with the CA system as compared to the OA
or IVA system. The IVA is observed to be the best performer,
with almost no cement entering into the surrounding envi-
ronment. The simulations also support the observation that
there is a better infill of the screw access channel with the
IVA system compared to the OA system.

o
.

o
o
G

Weight of cement mg.

Cement application site

Simcenter STAR-CCM+ was used to evaluate how cement
application site affects cement flow patterns. Figure 8 dis- 0
plays the results of two simulations where the same amount Closed Open VA
of cement (~35 mm3) was loaded in a % toroid shape near

the margin of the crown in the first case and in the occlusal Abutment modification

half of the crown in the second case. Five cross sectional
frames are shown as the crown is seated on the CA. Results
indicate that when cement is applied high up in the crown,
the occlusal space fills up much faster as compared to the

Figure 4: Experimental data showing amount of cement retained in each
system during laboratory experiments (CA, OA, IVA).

case where it is loaded at the crown margin. Once the occlu-  shows the results for the IVA system. In this case, a higher
sal space is completely filled, pressure on the cement below it ~ seating speed is beneficial, as it enables filling up the screw
increases significantly. As a result, the extrusion of cement access hole completely, before cement is extruded in the

happens much earlier when loaded in the occlusal half of the  surrounding environment. A similar behavior for the OA
crown; it leaves the system even before the crown fully seats. ~ system was observed.
In the final position, this causes an incomplete margin seal, a

greater extrusion site and an increased mixing of air and Amount of cement in the system
cement as it exits the system. The effect of overloading the crown with cement has also
been evaluated. Figure 11 shows the IVA system with cement
Speed of crown seating loaded in a toroid shape containing 30mm?, 35mm? and
Simulations were performed with three different speeds of 45mm? of cement. These results indicate that loading the
crown seating to assess the effect of speed on cement flow crown with too much cement causes cement to be forced out
patterns for each abutment modification. Figure 9 shows the  at the crown-abutment margin, yet resulting in an incom-
final position for the CA, when the crown is seated in 0.25 plete fill of a screw access hole when internal venting is used.

sec versus 1 sec. It shows visually that the crown should not Similar results were obtained for the CA and the OA system.
be seated too rapidly if the seal is to be maintained. Figure 10
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Figure 5: 3-D images generated in Simcenter STAR-CCM+ showing the
details of cement flow during crown seating on the CA.

Conclusion

Simcenter STAR-CCM+ was used to analyze the complex flow

fields associated with cementation of implant restorations,

opening the door for virtually addressing the health problems

associated with extrusion of cement into the soft tissue

surrounding the implant. Great insight was gained into the

cement flow patterns for various cement application tech-
niques and abutment modifications. Simulations with
Simcenter STAR-CCM+ predicted the patterns observed in
recent experimental test making it well-poised for future
studies. This is destined to result in a paradigm shift in the
dental field.
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Figure 9: Effect of speed of seating on cement flow in the CA system. Figure 10: Effect of speed of seating on cement flow in the IVA system.

“Dentistry as a profession is cen-
turies old and is a combination
of art and science. Dental im-
plants require a higher science-
based knowledge to be success-
ful. Simcenter STAR-CCM+ is an
effective simulation tool that
can be used to predict behavior
thus evaluating dental systems
like never before. The possibili-
ties are endless!”

Figure 11: Effect of amount of cement for the IVA system.

Dr. Chandur Wadhwani
University of Washington
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Creaform was asked to assist in the design of
a cleanroom, by performing a complete 3D
reconstruction of the geometry of the room,
and using this to carry out detailed CFD
simulations. The cleanroom in question is
used in the manufacturing of influenza vac-
cine, and the aim of the study was to design
an efficient aerodynamic barrier that would
mitigate the risk of contamination. The dem-
onstration was convincing and CFD
simulations shed light on phenomena that
traditional smoke tests, still used for regula-
tory compliance of pharmaceutical
environments, had never been able to resolve
before.

The pharmaceutical cleanroom in this study is
a critical environment requiring a high level
of protection against contamination. While
the cleanroom itself is a grade B environ-
ment, the interior of the RABS (Restricted
Access Barriers) is protected with screened
barriers and HEPA (High-Efficiency Particulate
Air) clean-air filtration, such that it is rated as
a grade A critical zone. The vaccine filling
machine had to be incorporated in the RABS,
leading to many specific flow interactions
which could not be predicted prior to installa-
tion, neither by the manufacturer nor the
integrator. It was therefore necessary to
thoroughly understand the fluid flow behav-
ior in order to ensure proper flow path
around non-sterile components of the
machine. Not only was the regulatory compli-
ance of the cleanroom at stake, but with the
amazing production rate of the line (hun-
dreds of vial fillings per minute), a
contamination would represent a consider-
able financial loss because it leads to the
waste of vaccine doses. In that context,
Creaform’s 3D modeling and Computational

Fluid Dynamics (CFD) solutions came in very
handy. Using basic STL files such as the ones
created by 3D scanners, the engineering team
numerically reproduced the cleanroom in
Computer Aided Design (CAD) software and
performed a series of CFD simulations using
Simcenter STAR-CCM+.

Creaform

Creaform’s mission is to develop, manufac-
ture and market cutting edge portable 3D
measurement and analysis technologies that
increase productivity. Through its expertise
and the passion and commitment of its
employees, Creaform helps companies from
the manufacturing industry to seamlessly
create, simulate, verify and collaborate in 3D,
significantly enhancing their turnaround
times and profitability. Through its 3D
Engineering Services department, Creaform
develops CFD simulation techniques in mul-
tiple fields like transport, energy,
environment, civil works, electronics and
HVAC. For the project discussed here,
Creaform was responsible for the CAD repro-
duction of the entire pharmaceutical
production line and surrounding cleanroom,
the CFD simulation of the air flow with RABS
and HVAC systems in operation, and the
assessment of aerodynamic deflectors to
optimize flow behavior around non-sterile
components.

Laporte is a consulting firm specialized in
bio-pharmaceutical, food and beverage and
industrial engineering. Its employees have
experience in a wide array of services in the
process, building and infrastructure, automa-
tion, packaging and regulatory compliance



Figure 2: Room scan using Creaform's handheld MetraSCAN.

fields. In the context of this project, Laporte
was in charge of the process design, installa-
tion and commissioning for the pharmaceu-
tical facility upgrade. These tasks include the
HVAC design and the integration of the filling
machine in the RABS system. Laporte was also
responsible for the preliminary smoke tests
used for regulatory compliance.

Computational geometry

A typical headache when carrying out a CFD
analysis is not having the geometry available.
An even bigger headache is not having confi-
dence in the numerical geometry because the
as-built drawings are incomplete or the
geometry has changed over time. This situa-
tion brings the engineers to constantly
question the CFD results. Creaform, by sup-
plying efficient 3D scanning solutions,
ensures high quality numerical reproduction.
Creaform also manufactures fast, portable
and easy to use scanners that provide metrol-
ogy-grade accuracy and resolution. For CFD

applications in the HVAC industry, it is quite
common for Creaform’s engineers to combine
the scan of an entire room acquired by a
mid-range scanner with the precise scan of
specific parts using one of Creaform’s hand-
held scanners (see figure 2). The result is a
clean STL file such as the one built for the
pharmaceutical cleanroom.

The numerical geometry of the cleanroom
includes the walls and furniture, the HEPA
filtration, the HVAC system, the physical
barrier with gloved access (windows sur-
rounding the production line), the control
panels as well as the RABS itself with the
accumulation table for vials, the conveyor,
the filling needles, the capping machine and
many measurement instruments, all of which
were accounted for in the CFD simulations
thanks to the wrapping capabilities of
Simcenter STAR-CCM+.
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Precise and representative boundary conditions are critical for
the cleanroom simulation. They were carefully determined
using very recent data acquisition:

e Laminar flow equipment performance evaluation providing
air velocity profiles for each diffuser of the HEPA filtration
system;

¢ Ventilation balancing measurements for the HVAC system
including return ducts;

* Precise pressure gaging in adjacent rooms for secondary air
flow rates through wall openings for conveyor and through
the door contour.

Turbulence modeling was achieved with the RANS approach
and more specifically with the SST (Menter) k-omega model,
thus limiting the results to steady state. The All y+ Wall
Treatment was used because many near wall cells fell within
the buffer region of the boundary layer. The control over the
entire surfaces to force viscous sublayer resolution was
computationally expensive and judged unnecessary. Indeed,
calculation of viscous forces is not required and flow separa-
tion occurs at cutting edges, so its prediction is trivial.
Consequently, the mesh is polyhedral and does not make use
of prism layers. The prioritized cell refinement was the one
allowing to capture the surface details of the machine com-
ponents, resulting in a cell count of 5.6 million for initial runs
(setup check and initial solution) and of 18.4 million for final
runs. Simulations made use of the coupled flow model with a
2nd order discretization.
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Overall pressure distribution

Ideal flow conditions just above the conveyor level consist of
a perfectly vertical flow. Pressure distribution in the horizon-
tal plane is thus very important and must be as uniform as
possible inside the RABS. The first CFD simulation of the
cleanroom showed a small pressure gradient that was suffi-
cient to induce a longitudinal component to the velocity
vectors inside the RABS. Laporte engineers designed deflec-
tors to redistribute the pressure in the capping section and
removed the partition that provoked a pressure increase in
the vials accumulation section. Combined with the modular
adjustment of the HEPA filtration, these modifications signifi-
cantly improved the pressure distribution in the RABS (see
figure 5). The CFD simulation correlates well with the smoke
tests performed with the new design and confirmed the
improvement efficiency.

Transverse flow

With the longitudinal flow corrected, Laporte and Creaform
focused on transverse velocity components in the vicinity of
non-sterile machine components. The CFD simulations high-
lighted two similar undesired situations: one around the
needles holder and one around the capping arm. Both com-
ponents are non-sterile and the air draft from underneath the
physical barrier induces a significant transverse velocity
component. As can be seen in figure 6 (a), this phenomenon



Figure 3: Hexahedral mesh of vials conveyor.

drives particles in contact with the arm directly toward the
vials that are conveyed at the level of the toothed plate. The
aerodynamic deflector visible on figure 6 (b) was tested in
simulation and provoked the shift of the air draft towards the
machine floor. It caused the streamlines in the vicinity of the
arm to reach the underside of the conveyor, keeping the
potentially contaminated particles far from the vials. A similar
defector was used at the level of the needles holder. Once
designed by Laporte and outsourced for machining, these
deflectors were tested in situ with smoke and turned out to
perform very well as predicted by the CFD analysis.

A third undesired situation addressed by CFD simulations is
the one caused by impinging flow on non-sterile surfaces: the
accumulation table and the conveyor discs. In both cases, the
parts expose a horizontal surface directly to the vertical flow,
inducing stagnation points and undesirable vortices.

On the table at the beginning of the production line, opened
vials accumulate and form a circular pattern near the exterior
edge of the table. This table is designed with a central hole,
allowing for a proportion of the impinging flow to evacuate

Figure 4: Principal boundary conditions..

without touching the vials. Nevertheless, some streamlines
evacuate through the exterior edge, passing through a series
of vials as can be seen on figure 7. Many fixes to decrease
head losses for the flow through the central hole have been
tested in simulation with mixed success. The attention was
then focused on determining the actual risk of contamination
for the evacuation through the exterior edge, and a particular
simulation of the flow around the vials was performed. This
detailed simulation, with actual vials modeled, used the
global simulation fields to determine boundary conditions. It
showed that in steady-state, the entire flow in contact with
the table would evacuate through the vials’ shoulders (see
figure 8), thus limiting the contamination risks. Laporte also
proposed a specific cleaning procedure for the accumulation
table.

As for the non-sterile conveyor discs, they would induce a
stagnation point surrounded by vortices that would eventually
transport particles over the vials path. Thus, their initial design
as solid discs was questioned and Laporte ultimately
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Figure 5: Pressure distribution in horizontal plane — before (above) and
after (below) design adjustments.

remanufactured the discs and added holes, allowing for a
much better evacuation towards the machine floor. The
modification was tested with the CFD model and with smoke
ejections and both methods confirmed the suppression of the
issue.

The project was a convincing demonstration of the comple-
mentarity of the reverse engineering solutions and CFD
capabilities of Creaform’s Engineering Services team,
equipped with Simcenter STAR-CCM+. The project was also a
clear demonstration of the innovative mind of Laporte, who
adopted CFD in its cleanroom commissioning in order to gain
predictive insight to complement the traditional smoke tests.
The CFD results presented here are currently used in combi-
nation with the smoke test videos to demonstrate the
effectiveness of the aerodynamic barrier in front of regula-
tory agencies. So far, the feedback is very positive as CFD
really helps to visualize the flow features. It is Creaform'’s will
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Figure 6: Velocity vectors in section plane at capping arm elbow - original
design (above), modified design with aerodynamic deflectors (below).

to make CFD a prevalent tool for future pharmaceutical
production lines. It was therefore necessary to thoroughly
understand the fluid flow behavior in order to ensure
proper flow path around non-sterile components of the
machine. Not only was the regulatory compliance of the
cleanroom at stake, but with the amazing production rate
of the line (hundreds of vial fillings per minute), a contami-
nation would represent a considerable financial loss
because it leads to the waste of vaccine doses. In that
context, Creaform’s 3D modeling and Computational Fluid
Dynamics (CFD) solutions came in very handy. Using basic
STL files such as the ones created by 3D scanners, the
engineering team numerically reproduced the cleanroom in
Computer Aided Design (CAD) software and performed a
series of CFD simulations using Simcenter STAR-CCM+.



Figure 7: Impinging flow on accumulation table.

Creaform’s integrated solutions of scanning,
CAD reconstruction and CFD analysis gave
visual and precise answers about intangible
air flow questions.
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More than 4.25 million people in the EU and
approximately ten million people in the US
are affected by Essential Tremor (ET) [1]. ET is
a progressive neurological disorder of which
the most recognizable feature is tremor of the
arms [2]. ET is also the most prevalent tremor
pathology and it affects the hand in 90 per-
cent of the cases and as such everyday tasks
that require fine motor skills become very
difficult for sufferers, drastically reducing
their quality of life.

Current solutions employed to combat ET,
such as medication and surgery, are expen-
sive and have side effects [3]. Moreover,
these treatments are not effective in approxi-
mately 25 percent of patients and about 50
percent of pathological tremors cannot be
adequately controlled with medication [4].
Various external mechanical solutions have
been investigated, but have proven to be
largely ineffective due to their physical size.
This article describes the development of a
fluid dynamic design of a rotary damper for
use in a low-profile and passive tremor atten-
uation orthosis. This project has received
funding from the European Union’s Seventh
Framework Programme for research, techno-
logical development and demonstration
under grant agreement no 262127.
ET-related movements fall in the frequency
range between 4 and 8 Hz hence movements
in this range should be targeted for suppres-
sion [2].

The orthosis design consists of two struts,
one strapped to the forearm and the other to
the hand at the wrist. The two struts are
joined together via the rotary damper at the
wrist. Flexion of the hand results in rotation
of the damper and damping occurs via fluid
pressure and viscous friction. The chosen
configuration was originally developed by
Cultraro Automazione Engineering S.r.l. for
an automotive application. It consists of a
paddle and a housing configuration with a
small gap between them. The damping
torque produced depends on the rate of
strain and dynamic viscosity of the working
fluid. Further, rate of strain also plays a major
role in defining effective viscosity of the
non-Newtonian fluid used in the damper.

Tremor of the hand can be represented by
simplifying the overall motion of the hand to
a one degree of freedom, simple harmonic
motion which is characterized by patient
data. A MATLAB®/Simulink® model was
developed considering both the hand and the
damping system (figure 1).

The damping torque depends on the geom-
etry of the damper, dry friction properties of
the surface/materials, fluid viscosity-shear
strain profile, temperature and frequency of
operation. In a rotary damper, the shear rate
varies with radial position and requires com-
putational modeling or experimentation for a



comprehensive analysis. An experimental
approach is costly and time-consuming as it
calls for building of multiple prototypes to
arrive at a design with the target attenuation
characteristics. In this case, Simcenter STAR-
CCM+ enabled a parametric design
optimization of the system and was a much
more time-cost effective alternative to any
empirical method.

For accurate development of the Simcenter
STAR-CCM+ model, the implementation of
the correct dynamic viscosity-strain rate
profile was critical. Rheological tests were
carried out to investigate this behavior of
damper-working-fluid and the viscosity, and
the resulting strain rate relationship was
implemented in Simcenter STAR-CCM+ as a
user-defined function. The critical Reynolds
number for a smooth-surface flow through a
gap representative of that in the rotary

damper design ranges from about 1500 to
2100 [5]. Considering the likely rotational
speeds of the damper, the flow Reynolds
number was estimated to fall below this
critical range. Discontinuous linear parts were
implemented in the model to allow simulta-
neous contraction and expansion of the mesh
to simulate the rotary motion of the damper.

The CFD results were then used in the
MATLAB/Simulink system-level model to
predict the reduction in amplitude of the
tremor.

Design optimization

By using Simcenter STAR-CCM+, various
geometrical parameters were changed,
without much effort, during the design
exploration. One of the key considerations in
this work was the tolerances that could be
achieved with the manufacturing methods
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Figure 1: System view showing the hand and the orthosis.

considered. The tolerance of the manufactured components
and ultimately, the tolerance of the damper geometry after
assembly, were of significant concern here. One of the initial
designs (figure 2) had fluid gaps that were similar in size to
the manufacturing tolerances, which meant that the damper
performance for that design was highly sensitive to the
tolerances of the components and the assembly technique.
To counter this, the azimuthal angle through which the
paddle spans was increased and larger fluid gaps were intro-
duced. The larger surface area resulting from these changes
increased the damping whilst reducing the sensitivity to
manufacturing tolerances (figure 3).

Performance

Figure 4 shows the output from Simcenter STAR-CCM+ for the
initial and the final damper designs. The results for the final
design indicated a high damping coefficient and a slightly
higher stiffness compared to the initial design. The tremor
amplitude reduction is presented in figure 5. The amplitude
reduction with the final damper design was about eight to
nine times higher than with the initial design. With the initial
damper design, the reduction in amplitude seemed to
increase with decreasing frequency contrary to the target
characteristics. With the final damper design, the maximum
amplitude reduction was around 2 Hz, and reducing with
decreasing frequency below this level.

By employing design parameters
in Simcenter STAR-CCM+, design
exploration and optimization
were carried out to produce the
prototype with the desired per-
formance in the first design it-
eration.
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Figure 2: Initial damper design with a smaller-azimuthal angle paddle.
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Figure 3: Final damper design with a larger-azimuthal angle paddle.

The Orthosis

By employing the damper prototype based on the output of
CFD simulations using Simcenter STAR-CCM+, an orthosis was
developed by Especialidades Médico Ortopédicas (figure 6).
Prototype testing and patient trials carried out at Pera
Technology UK and at the Instituto de Biomecdnica de
Valencia revealed about 30 percent reduction in tremor. The
differences observed between the patient trials and the
simulations were attributed to effects from human skin
compliance. Clinical trials also revealed a significant improve-
ment when the orthotic device was worn during activities
such as writing. The development of a viscous fluid damper
similar to that employed here normally takes over ten design
iterations using physical prototypes. By employing a CFD
simulation model to optimize the design, the final design was
realized with the first prototype, significantly shortening the
development time and drastically reducing the costs involved.
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Figure 6: Prototype tremor-attenuation orthosis.
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resulting orthosis can be purchased here: www.ortopediap- tremend-para-muneca.html

lus.com [6].
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A fully functioning high-tech Operating Room
(OR) with a sophisticated ventilation system
was built recently at the Technical University
of Applied Sciences Amberg-Weiden in
Germany, for teaching and research pur-
poses. The high-tech OR enhances the
university’s Medical Engineering programs
and acts as an innovation center for the
regional health industry. The OR permits the
exploration of a number of health-related
R&D issues, including:

¢ Use and application of intraoperative

imaging

Technology integration

¢ Medical engineering planning

* Ergonomic concerns and use suitability

* Workflow and efficiency

¢ Hygiene and air conditioning / airflow
technologies

With the recent surge in nosocomial infec-
tions (i.e. infections contracted in clinics or
hospitals), finding new ways to effectively
thwart contamination and ensure patient
safety has become imperative [1].

Hygiene in medical environments, especially
in the operating and procedure rooms, is of
vital importance. In an implantation, joint or
bone surgery for example, where large areas
are exposed and must remain aseptic, there is
a very high risk of nosocomial infection, and
as such, maintaining a hygienic environment
is a fundamental requirement. In order to
eliminate the risk of contamination of the

patient, OR staff or medical instruments, it is
critical that the ingress of foreign particles or
agents be reduced to a minimum.

In addition to inadequate hygiene, another risk
factor concerns the disruption of airflow in an
OR. Laminar AirFlows (LAF) are generated by
special air conditioning systems in order to
ensure a protective, germ-free air climate
around the operating table. However, imaging
procedures, OR monitors, or even ineffective
OR lighting can adversely impact the protective
effect of the laminar airflow. [2]

In accordance with the German hospital room
Class 1 standard DIN 1946-4 (“Ventilation in
Healthcare Buildings and Rooms”), the OR
must have a Room Ventilation System (RVS) to
regulate the inflow, filter the air and control
the temperature and humidity in the room.
The air goes through a grade H13 (absolute)
High-Efficiency Particulate Air (HEPA) filter
before being fed back into the OR. The filter,
which is located in the ceiling panels directly
over the operating and instrument tables,
supplies a vertical LAF around the operating
area in order to create a protective zone
where exposure to germs is limited.

However, the laminar nature of the airflow,
which is characterized by its slow and uni-
form velocity, is disrupted when it encounters
lateral turbulence or obstructions such as OR
lighting, OR staff, etc. on its way down [2].



A number of designs for the RVS system were
considered. Eventually, the decision was made
to use a conventional LAF 3200 mm x 3200
mm ceiling in conjunction with the new prod-
uct Opragon®, developed by the Swedish firm
Avidicare, in order to produce a Temperature-
controlled Laminar AirFlow (TLAF).

Airflow simulation in the operating room

A number of CFD simulations were performed
using Simcenter STAR-CCM+ in order to
analyze the airflow in the OR and assess the
effectiveness of various ventilation tech-
niques. After verifying the simulation’s air
velocities and temperatures against experi-
mental data, the influence of OR imaging
devices and other obstacles on the airflow
was assessed.

As a starting point, a detailed CAD model of
the OR was designed, including technical
devices and personnel (see figure 1). To this
end, the geometry was simplified and unnec-
essary details which have little influence on
the simulation results, such as grooves, edges
and curves, were ignored. The entire ventila-
tion system was simplified to include only
inflow and outflow, and OR staff members

were depicted as cylindrical dummies, which
have dimensions in accordance with DIN
1946-4:2008-12. Windows, doors and the like
were also ignored for this purpose.

As mentioned in the previous paragraph, the
university's teaching and research OR adopted
Opragon, a revolutionary technology devel-
oped by Avidicare, which supplies a TLAF in
the OR. The filtered air flows through half-
hemispheric-shaped openings (“air showers”)
into the OR. Two areas, corresponding to two
different volumetric flow rates and tempera-
tures are defined (see figure 2): the Opragon
(B1, B2.1 and B2.2), from where “cooled”
HEPA-filtered air is blown onto the operating
table and immediate surroundings, and the
external area (B3), from where room-temper-
ature HEPA-filtered air is emitted. The air
emanating from the external air showers
controls the room temperature while the air
emanating from the Opragon (being 2 degree
Kelvin cooler than the ambient air, and there-
fore of a higher density) “falls” directly down
into the operative zone, forming in the pro-
cess an ultra-clean air curtain.
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Figure 1: CAD model of the teaching and research OR.
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Figure 2: Simplified graphic representation of the air showers in the OR
ceiling plane.
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Figure 3 (ABOVE): Location of the measurement points in the OR.

Validation of Simcenter STAR-CCM+ simulation results
against experimental data

CFD simulations were performed using the k-epsilon
turbulence model in Simcenter STAR-CCM+. To verify and
validate the CFD simulation, air velocity and temperature
measurements in the teaching and research OR were
conducted. Figure 3 shows the location of the points
where the measurements were taken. The difference
between simulated (V. =0.450 m/s) and measured
air velocities (V. =0.420 m/s) was found to be less
than 7 percent (see figures 4 and 5). The simulated values
for the temperature distribution were also found to be in
good agreement with the experimental data. A deviation
of less than 2 percent was achieved (see figures 6 and 7).

Simulation data

Figure 4 (RIGHT): Simulated air velocity in the area of the operating table
(LTV = low-turbulence velocity).

The effect of the OR fixtures on the airflow was also
assessed. Figure 8 shows the flow field in the vicinity of the
operating table, where a recirculation zone was predicted. A
smoke visualization test was also performed and confirmed
this finding. Through simulations, the observation was made
that most medical devices (X-ray C-Bow, OR lighting, etc.),
being located directly under the LAF ceiling, interrupt the
protective TLAF flow, thereby posing an additional contami-
nation risk. Additional turbulence zones introduced by
airflow recirculation around the dummies ultimately cause
impure air to flow from the outer area to the protected area,
which increases the risk of microbiological contamination
(see figure 9).

Deviation Measurement data

Air velocity LTV-field = 0,450 m/s A Air velocity = 0,030 m/s Air velocity LTV-field = 0,420 m/s
(Deviation od approximately 7 percent)

Figure 5: Comparison of simulated and measured air velocities.
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Figure 6: Temperature distribution in the area of the operating
table (LTV = low-turbulence velocity).
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Figure 9: CFD simulation of a hybrid OR with temperature-controlled

directional airflow.

Measurement data

Temperature LTV-field = 21,4°C

(Deviation od approximately 2 percent)

Figure 7: Comparison of simulated and measured temperature
distributions.

Figure 8: Comparison between simulated flow visualization (left) and
smoke visualization test (right).

Conclusion
Using CFD simulation, reliable predictions, both general and

specific, about the airflow behavior and temperature distribu-

tion in the OR can be made. Furthermore, ventilation
parameters can be optimized and general improvements
suggested. The CFD results presented here clearly show that
the Opragon ventilation system is a step in the right direc-
tion. Nevertheless, they also indicate that ventilation
technology in the OR can only function effectively if it is
successfully combined with optimized medical devices/
fixtures and optimal work procedures.
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