
Mathematical Evaluation of 
Fluid-Dynamic Variables that 
Predict Blood Damage and 

Thrombosis in Medical Devices 
and Vascular Disease

Samuel J. Hund
James F. Antaki

San
gri

a P
roj

ec
t



Abstract
With the proliferation of blood-wetted medical devices comes a 

greater need for the evaluating blood-wetted medical devices using 
computational fluid dynamics (CFD). Blood damage, namely hemolysis and 
thrombosis, determines if a device will provide a greater benefit to patients 
than risk to their health.   However, predicting these quantities have proven 
difficult and relied mainly on rules-of-thumb. This study compiles a list of 
functions that can be estimated using computational fluid dynamics (CFD) 
and evaluates their predictive ability in flow channels with a wide range of 
features. Then principal component analysis was used to study the 
interdependency of these variables. The principal component analysis also 
showed that of the 109 functions examined, four of them, when 
appropriated selected, were sufficient to identify adverse flow conditions. 
Two of the parameters were based on mechanical forces on the cells, i.e. 
stress (shear stress or viscous dissipation) and extension (extension rate). 
The third, flow deviation angle was the only function capable of predicting 
recirculation in all of the flow fields used in this study. The forth function 
was a measure of the clearance in the flow, namely Peclet number or the 
Damkohler number.
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Methods

• Various function that predict blood 
damage were evaluated in a 90o elbow 
representing the ventricular cannula of 
the Streamliner Ventricular Assist Device

• The functions, totaling 109, were 
correlated and evaluate using principal 
component analysis
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Geometry

The inlet diameter was 1.4 cm and the outlet diameter was 1.1 cm. The walls 
were prescribed by cubic Bezier curves that were constrained to be normal to 
the inflow domain. The outlet was extended an additional 3 cm from the end 
of the elbow. The mean flow velocity was 65.0 cm/s (Re = 2,730). Density and 
v i s cos i t y  we re  se t  t o  1 .05  g / cm 3 and  3 . 5  cP  respec t i ve l y .
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Mesh
Coarse Mesh

Final Mesh:
101 Axial Nodes
45 Radial Nodes

Convergence

Mesh Quality
The mesh was refined until memory 
w a s  e x c e e d e d .  T h e  r a t e  o f 
convergence was within 25% of the 
theoretical rate. The element quality 
was high (minimum 0.53, mean 0.63).
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Principal Component Analysis

Plot of the first 15 eigenvalues. Principal component analysis reveals that 4 
of the 109 function can represent over 90% of the entire information of the 
system (7 for 99%).
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Objective Function and Groups
• Stress:

Stress (principal, modified 
von Mises/Octahedral, 
Soc. of Rheol., Tresca 
Condition), Vorticity, 
Damage Prediction 
Models, Viscous 
Dissipation, Invariants of 
L, D, and W, Strain 
Energy, and Elongational 
Index)

• Extension
Extension Rate and 

Acceleration

• Recirculation
– Flow Deviation Angle and 

Negative Wall Shear Rate
• Clearance

– Magnitude of Velocity, 
Residence Time, 
Stagnation Area, Surface-
to-Volume Ratio, and 
Damkohler Number

Principal component analysis resulted in four groups which can be 
described as stress, extension, recirculation, and clearance. The 
function were evaluated using different norms.
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Example of Flow Deviation, φ

Three different optimal designs for 
minimum flow deviation using different 
reference velocities. The optimal result 
follows the reference value for the first 
two cases. Stokes flow gives the best 
prescribed velocity.

Simulated Velocity Vector

Reference Vector

φ
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Stress in a 90o Turn

Plots of various function from the stress group shows the ability 
to predict similar flow features.

San
gri

a P
roj

ec
t



Optimal Cannulae

The choice of objective function greatly 
influences the optimal design.

Maximum
Peclet Number

Minimum Flow
Deviation

Minimum 
Stress

Minimum
Extension

Multi-objective 
optimization

2 1

1) MOO using all four 
variables

2) MOO using clearance 
and flow deviation
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Comparison of Functions to 
Hemolysis in Nozzles

Experimental Results D-C-B-E-A
Viscous Dissipation B-C-E-A-D
Vorticity B-C-D-E-A
Extension Rate D-C-E-A-B
Pressure Gradient C-D-A-B-E
Eulerian Power-Law Model D-E-C-A-B
Lagrangian Power-Law Model D-C-E-A-B
Extension Rate and Elerian Power-Law D-C-B-A-E
Pressure Gradient and Lagrangian Power-Law C-B-D-A-E
Extension Rate and Lagrangian Power-Law D-C-B-A-E
Viscous Dissipation and Pressure Gradient C-D-A-E-B

Nozzles        
(Ranked from   
Best - Worst)Objective Function
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Conclusions
• Blood damage can be computationally 

predicted by only four functions
– Scalar stress, extension rate, confluence, and Peclet

Number are the best choices based on a wide array 
of criteria

• The choice of function can drastically alter the 
flow evaluation or device design

• A combination of flow functions provides the 
best alternative

• Hemolysis is better predicted by a combination 
of stress and extension
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