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Workgroup and Hardware

typically used is Apple`s 27“ iMac:

Processor:    

Quad-Core Intel Core i7 (Turbo 
Boost up to 3,9 GHz).

cores: 4 - 8           

RAM:  8 - 20 GB 1600 MHzDDR3

GPU:  NVIDIA GeForce GTX 675MX
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Fluid Dynamics Group at FH Aachen 
using code Saturne since 2012
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CFD work 

Organ conservation
Fluid structure interaction

Aortic / Stenosed vessel flow
Abdomial aortic aneurysm

Experimental work

PIV [1] 

Flow experiments
(Couette flow, Taylor vortices, Non-
Newtonian effects, ...)



April 09, 2013  |© FH AACHEN  

XNS, FE-based simulation code
parallel computing
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Earlier used code XNS scaled well up to 5000 processors

 [2] 
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Code Saturne, FE-based simulation code
future goal: massive parallel computing 
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• 28 racks (7 rows à 4 racks) - 28,672 nodes (458,752 cores)
Rack: 2 midplanes à 16 nodeboards (16,384 cores)
Nodeboard: 32 compute nodes 
Node: 16 cores 

• Main memory: 448 TB
• Overall peak performance: 5.9 Petaflops
• Linpack: > 4.141 Petaflops

Future possibility to use code Saturne with 
BlueGene/G super computer at Juelich research 
facility

BlueGene/G

JUQUEEN [3] 
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Overview
• Motivation

- Prediction of Blood flow and Thrombosis in Medical Devices 
- Prediction of Blood Flow and Thrombosis in the Human Circulation

• Numerical Analysis of Blood Flow in Medical Applications using code XNS /
code Saturne

- Sudden Expansion 
- Dialysis 
- Micromed DeBakey LVAD  

• Numerical Analysis of Blood Flow in Human Circulation using code Saturne

- Shear Stress and Shear Rate in Vessel Flow  
- Steady and Pulsatile Blood Flow through Aorta 
- Fourier Representation of the Physiological Blood Flow through Aorta
- Blood Flow in the Carotid Bifurcation Arteries
- Blood Flow in an Abdominal Aortic Aneurysm (AAA)

• FDA Study
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Motivation
Prediction of Thrombosis in Medical Devices
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Numerical Analysis of Blood Flow in Medical Applications
Micromed DeBakey LVAD
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Design of MicroMed 
DeBakey blood pump [4]

Flow simulation

Thrombus formation and embolization is far more dangerous to the patient 
than hemolysis.

How is it possible to model and simulate the complex reactions of platelets ? 

Computation of red blood cell 
trauma
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Motivation
Prediction of Thrombosis in Medical Devices
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Bjork-Shiley heart valve

Oxygenators, 
left commercially available model, 
right with defined hollow fiber arrangement

Micromed DeBakey LVAD [5]
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Motivation
Prediction of Thrombosis in Medical Devices
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Inlet cannula to blood pump 
[7]

Thrombus adhesion due to blood 
contact with thrombogenic material

Thrombus growth due to 
unphysiological flow 
conditions

Thrombus adhesion at the 
straightener (in the area of 
the arrows) [6]



April 09, 2013  |© FH AACHEN  

Motivation
Prediction of Thrombosis in Medical Devices
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[8][8]
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Motivation
Prediction of Thrombosis in the Human Circulation
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Arterial thrombosis (stenosed 
arteries)

Interdependence of aneurysm 
and thrombus growth

Blood clotting in the heart or in veins
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A mathematical model describing platelet reactions

kas

krs
kaa

↵0

platelet activation rates (kpa, ksa)

kpa
ksa

.

surface-platelet adhesion rates (krs, kas),
platelet-platelet adhesion rate (kaa),
platelet-platelet aggregation rate (↵0),
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A mathematical model describing platelet reactions
advection - di↵usion - reaction approach

(1) @[Ci]
@t + (u ·r) [Ci] = r · (Dir [Ci]) +Ri

.

Equation (1) is written for [RP ], [AP ] and [ADP ].

The resulting 3 equations are coupled via reaction terms Ri.

(2) RRP = � kpa [RP ]� ksa [RP ]

(3) RAP = + kpa [RP ] + ksa [RP ]� 16↵0�̇b
3[AP ]2
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(4) RADP = +�ADP (kpa + ksa) [RP ]

(5) JRP = S(x, t)krs[RP ]

(6) JAP = (S (x, t) kas + (1� S (x, t) kaa)) [AP ]

(7) JADP = ��ADP S (x, t) krs[RP ]

Boundary conditions at the reactive wall (fluxes Ji to and from the wall)

depend on available free surface S(x, t))

amount of ADP released per platelet

rate of chemical platelet 
activation due to ADP

AP aggregation term

rate of mechanical platelet 
activation due to high shear
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Numerical Analysis of Blood Flow in Medical Applications
Sudden Expansion - Velocity Profile (coarse mesh using code Saturne)

15

• applications in the Biomedical field include:

- analyzing phenomena of stagnation areas and blood cell distribution  
- analyzing the transport of platelets in blood flow 

Sudden Expansion - Velocity 

In order to be able to validate the CFD results, we did a comparism to 
those results reported in the paper “Applied Mathematical 
Modelling” (Whaba, 2007).
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Numerical Analysis of Blood Flow in Medical Applications
Sudden Expansion - Stream Lines (coarse mesh using code Saturne)
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Sudden Expansion - Stream Lines
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Numerical Analysis of Blood Flow in Medical Applications
Sudden Expansion - Velocity Profile (coarse mesh using code Saturne)
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Sudden Expansion - Velocity

Even with a coarse mesh a 
first reasonable estimate of 
the real solution can be 
achieved

finer meshes required for 
precise resolution
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Numerical Analysis of Blood Flow in Medical Applications
Dialysis (coarse mesh using code Saturne)
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• dialysis tube used 
for volumetric flow 
measurements 
using a temperature 
sensor

• sensor is positioned 
around the tubing 
and has a shape, 
which exactly fits 
the geometry of the 
dialysis tube

Dialysis Tube
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Numerical Analysis of Blood Flow in the Human Circulation
Shear stress and shear rate in vessel flow
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complex vessel flow

a scalar comparative shear stress 
can be computed from velocity 
gradients of the three dimensional 
deviatoric stress tensor µ G
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Numerical Analysis of Blood Flow in the Human Circulation
Physiological shear rate ranges 
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Pathological
in arteries with severe stenosis                              10,000 - 40,000 1/s
(Newtonian and turbulent behavior) 

Non-pathological
in large arteries, capillaries, venous circulation              40 -     600  1/s
(shear thinning / viscoelastic and laminar flow)

in small arteries and arterioles                                 1,000 -  3,000  1/s
(Newtonian and laminar behavior) 

Flow conditions in the human circulation according to [9]
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Numerical Analysis of Blood Flow in the Human Circulation
Steady Blood Flow through Aorta (fine mesh using code Saturne) 

a) Longitudinal section of the velocity flow profile in the aortic arch       
b) Cross sections of the velocity flow profile in the aortic arch

a)

b)

• the aortic arch geometry was 
created using MRI scans of a 
patient geometry creating a 
mesh of 2.47 million 
elements

• parabolic inflow at a constant 
flow rate of 3.371 L/min 

• inflow diameter of 2.8 cm

• blood density of 1085 kg/m3

• dynamic viscosity of 0.0036 Pas

• steady laminar flow conditions at 
Re = 770
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Numerical Analysis of Blood Flow in the Human Circulation
Steady Blood Flow through Aorta (Comparison CFD and experimental PIV)
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Numerical Analysis of Blood Flow in the Human Circulation
Fourier Representation of the Physiological Blood Flow through Aorta

one cycle

➡ t = 1 s

coefficients A and B

➡ required for representation 
of pulse wave form of aortic 
flow

•  measured
•  computed

Pulse Wave Form Chart of Aortic Blood Flow
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• simulate pulsatile blood flow in aorta (possibly include Windkessel function)

24

Numerical Analysis of Blood Flow in the Human Circulation
Pulsatile Blood Flow through Aorta using Heaviside Function

time [10-2s]
flu

x 
[m

l/s
]  
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Numerical Analysis of Blood Flow in the Human Circulation
Blood Flow in the Carotid Bifurcation Arteries (moderate size mesh using 
code Saturne)

Cross sections of the velocity flow profile in healthy 
carotid arteries

• the carotid artery geometry is 
based on a model by Kien T. 
Nguyen [1] used to create a 
mesh with 0.45 million 
elements

• parabolic inflow at a constant 
flow rate of 0.742 L/min

• common carotid artery (CCA) 
inflow diameter of 8 mm

• blood density of 1030 kg/m3

• dynamic viscosity of 0.004 Pas

• steady laminar flow conditions at 
Re = 498

a)

b)

Longitudinal section of the flow profile in healthy carotid 
arteries
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Numerical Analysis of Blood Flow in the Human Circulation
Blood Flow in an Abdominal Aortic Aneurysm (AAA) (fine mesh using code 
Saturne)

a) Longitudinal section of the flow profile of the AAA   
geometry at time t=2.65s showing the velocity profile and 
streamlines

b) Longitudinal section of the flow profile of the AAA 
geometry at time t=2.71s showing the velocity profile and 
streamlines 

a)

b)

• the geometry for the abdominal 
aortic aneurysm is based on a 
model by Scotti [3] similar to the 
CT scan of a patient geometry 
shown to the right, creating a 
mesh of 1.58 million elements

• inflow diameter of 2 cm

• diameter of the sacular aneurysm is 
3 cm

• blood density of 1050 kg/m3

• dynamic viscosity of 0.0035 Pas

• laminar, pulsatile flow conditions at 
Re = 702 modelled using a Fourier 
expansion 

• Currently analysis using a patient geometry and code Saturne with a fine 
mesh of 11 million elements is ongoing on a 4-processor machine, 
computation took 10 days => parallel computing becomes necessary
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Future challenges: Deforming meshes
Blood Flow in the beating human heart (examples using code XNS, in the 
future code Saturne shall be used)

heart volume over time
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FDA Study [10]

American Food and Drug Administration launched a worldwide benchmark 
to evaluate today’s possibilities of CFD, 27 groups participated 
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FDA Study
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FDA Study
Velocity Analysis (2.5 million mesh using XNS code)

Good results obtained for 
laminar flow in the FDA 
study with code XNS will 
have to be repeated with 
code Saturne 

It is hoped to obtain also 
good results for turbulent 
flow using code Saturne 
turbulence models
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Virtual Reality Techniques
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Outlook / Future Objectives with Code Saturne

• using moderate and massive parallel computing ressources

• coupling of code saturne with code Aster to perform fluid 
structure interactions

• learning to use code Saturne for complex rotating 
geometries

• implementation of material laws (viscoelastic blood behavior) 

• implementation of a platelet advection-diffusion-reaction 
model

HVAD HeartWare
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Thank you very much for your attention!


