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Abstract

The computational prediction of hemolysis based on Computational Fluid Dynamics (CFD) is considered in the
present work. Hemodynamics is computed by relying on ANSYS software and coupled with a postprocessing based
on Matlab. The purpose of the project is to develop a reliable CFD-based technique to predict hemolysis in medical
equipments, especially blood pumps, that will be ultimately included into an automatic optimization process for the

design of improved blood-pump geometries.
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Introduction

1. Background Information

Our research group has a long experience on flow opti-
mization associated to Computational Fluid Dynamics [1].
This coupled approach, denoted in what follows CFD-O
(CFD-based Optimization) has been in particular applied
to the design optimization of a variety of turbomachines
(see for instance [2,3] for recent results). The developed,
automatic optimization method is carried out by coupling
an in-house optimization library (called OPAL) with a sim-
ulation code for Computational Fluid Dynamics (CFD). In
the present project, CFD relies on the ANSYS-CFX code.
CFD-O based on the coupling between OPAL and CFX
will ultimately be applied to optimize the 3D geometry of
a single-stage axial blood pump, considering after a thor-
ough literature analysis that this is the most promising con-
cept for future applications.

CFD-O and more generally optimization can only be
carried out when suitable objectives have been identified.
In the present case, the power coefficient measuring the ef-
ficiency of the system will be retained as one objective, as
usually done in the optimization of turbomachines. How-
ever, it is clear that the level of hemolysis is of paramount
importance for a human blood pump. It will therefore be
retained as well as objective, leading to a concurrent op-
timization involving two, probably contradictory objective
functions.

At the difference of previous projects in our group like
[2,3], it is therefore necessary to develop a suitable and
reliable procedure to derive the hemolysis level from the

CFD results. A dedicated Matlab code has been developed
to meet this purpose. It reads all required data from the
CFX-Post output file, and after finishing post-processing
feeds back the hemolysis result to the optimizer, OPAL.
The finally resulting computational loop is presented in
Fig.1 and involves 4 coupled tools: ICEMCFD for geom-
etry and mesh generation, CFX for the flow simulation,
Matlab for the post-processing as well as for preparatory
steps to initialize derived geometries, and finally OPAL for
the external optimization loop, calling all the other simula-
tion tools in the right sequence.

Before starting CFD-O, it is absolutely essential to
validate in an appropriate manner all the involved models
and procedures. This applies in particular in the present
case to the hemolysis model. The FDA critical path
project provides valuable flow properties and hemolysis
data for an 18 cm long tube with sudden expansion. These
results have been retained as validation benchmark for the
developed Matlab code, as described in the rest of this

paper.

2. Numerical Prediction of Hemolysis.

After analyzing the scientific literature on this subject,
the tensor-based blood-damage model documented in [4,5]
has been retained for the present work. In this model, a
red blood cell is regarded as similar to a droplet in a flow.
Its shape and orientation are represented by a symmetric,
positive-definite 3d-order morphology tensor S,,. The evo-
lution of S,, occurs subject to four effects:

1. resistance to deformation and rotation: —(S, —
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Figure 1 Flow chart of the optimization method and
employed computational tools.

9(Sn)I);
2. shear-induced deformation: &,, - S,, + .5, - €n;
3. shear-induced rotation: W,, - S,, + S,, - W,;

4. and rotation of the surrounding frame: €2,, - S,, + S, -
Q.

Combining all four contributions together with effi-
ciency factors fi, fa, f3 for the first three terms, one ob-
tains finally following equation to describe the evolution
of S,, with time ¢:

NSy = (= filSn = g(Su)I] + folén - Sn + Sn - 0]

+f3[Wa - Sn 4 S - W] + [ - Sn + Sy - Qu]) At

ey
where, &, = (1/2)(Vu + VuT) is the (symmetric) strain
tensor of the flow; W,, = (1/2)(Vu — VuT) is the (anti-
symmetric) vorticity tensor of the flow; W, =W, — Q,
is the vorticity really encountered by the droplet in its own
frame of reference; €2, = é;( aaii + u o V¢;) is the rotation
rate of the frame of reference; and ¢(S,,) = 3111/I1, with
ITT = (tr(S,,))? — te(S2), IT = det(S,,). When solving
this equation in practice, €2,, is considered at iteration n to
be the rotation rate of the previous time step, n — 1:

(61')71, - (Bi)n—l
At

where, (e;), refers to eigenvectors of S,. Hemolysis is
finally calculated by Eq.(3):

2.416
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b

=3.63107 (u

where, ¢ = (L — B)(L + B), refers to the instantaneous
aspect ratio of the droplet, denoting L the longer length

(semi-major axis) contained within the droplet, and B its
shorter length (semi-minor axis).

In this strain-based model, the deformation level is not
directly proportional to the shear rate at the same instant
in time, but is determined by the history of stress encoun-
tered by the blood cell and corresponding accumulation of
constraints. Beyond a certain threshold, hemolysis is then
directly and positively correlated to shape deformation.

Numerical Methods for Validation of Hemol-
ysis Model

1. Main steps
In order to check the validity of the model implemented
in Matlab, four steps are necessary:

i Generate corresponding geometry and mesh, which is
done using ICEMCFD.

ii Solve the considered flow by CFD, which is done using
ANSYS.

iii Extract the pathlines of the obtained steady flow solu-
tion using CFX-Post to export velocity magnitude, po-
sition vector and velocity gradient matrix at each point
along the pathlines to one data file.

iv Import the pathline data into Matlab, and use the previ-

ously described strain-based algorithm to calculate the
associated rate of hemolysis.

Finally, the obtained results can be compared with pub-
lished results to assess their validity.
2. CFD Simulation

The tube with a sudden expansion employed for the
FDA Critical Path project has been retained to validate the
hemolysis prediction method [6].

—— s e

Figure 2 Tube with sudden expansion used for the FDA
Critical Path project [6], with blood flow from left to right.

Four different flow conditions have been tested, as
listed in Table 1.

Table 1 Considered flow conditions

[Flow rate (m3/s) [5.21 10~ 93.64 10— ?[5.21 10~ 76.77 10~ °
IReynolds number500 3 500 5000 6 500
IFlow state [Laminar [Turbulent [Turbulent [Turbulent

As boundary condition, a parabolic velocity profile has
always been applied at the inlet for each flow rate. After
many tests and an analysis of the relevant conditions, the
Transition SST model has been systematically employed
as turbulence model during these simulations based on
the RANS (Reynolds Averaged Navier-Stokes) approach.
Blood is represented as a viscoelatic fluid. The Carreau-
Yasuda viscosity model has been systematically applied in
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the CFD simulation. In this model, fluid viscosity 7 varies
with shear rate .

0= 1o + (0 — Noo)[1 + 72N D2 (4

where, A is the time constant, n is the power-law index,
no and 7., are, respectively, the zero- and infinite-shear
viscosities. The employed parameters are listed in Table 2.

Table 2 Parameters employed for Carreau-Yasuda Model

A

n

ui

s

S

kg/m.skg/m.s

10.3

0.350.0630.0047

3. Hemolysis

As explained previously, the deformation of the red
blood cells is computed along pathlines extracted after
convergence of the steady-state CFD simulation. Hemol-
ysis happens when the red blood cell distortion induced
by the temporal accumulation of shear stress has reached
a given threshold. Beyond that threshold, the membrane
of the red blood cell begins to crack and hemoglobin leaks
out. Hemolysis is calculated first along each pathline sep-
arately, using the method depicted in Fig.3. Then, global
hemolysis is achieved by computing a mean value from
all pathlines weighted by the associated flow-rate in or-
der to take into account the fact that not all pathlines will
transport statistically the same number of blood cells. For
each configuration, 869 pathlines have been extracted, al-
ways choosing the starting position of the pathlines as be-
ing equally spaced along the inflow surface. In this man-
ner, all pathlines behave identically at the very beginning
of the computational domain, but obviously differ due to
the different flow conditions obtained later as a function of
the flow-rate.

Shape update on each space srepj
Red blood cell (+> Shape change —

shape tensor — S AS
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__——Shape change—__ |
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Figure 3 Iteration carried out along each pathline separately.

Results

1. CFD result for blood flow

A brief comparison between our CFD results concern-
ing the velocity profile along the centerline and two series
of experimental results published in [6,7] is illustrated in
Fig.4. Please note that the y-scale (i.e., the peak velocity)

widely differ for each subfigure. As a whole the agreement
appears to be very fair at all Reynolds numbers, with no-
ticeable differences visible only locally just after the sud-
den expansion. The observed discrepancies are similar to
the differences found between the two measurement cam-
paigns for the same experimental conditions (red squares
vs. blue diamonds). We feel therefore confident that the
main flow features are reproduced accurately with the em-
ployed CFD model and the underlying, quite fine 3D struc-
tured mesh, containing about 3.5 million volume elements.
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Figure 4 Comparison of our CFD results (lines) with two
independent experimental measurement campaigns (red
square and blue diamond) concerning the centerline velocity
profile.

2. Pathline extraction

Selected pathlines extracted for all four Reynolds num-
bers at the same starting points along the inlet plane are
shown in Figs.5 to 8. A striking feature is that a large and
strong recirculation region is observed after the sudden ex-
pansion at a Reynolds number of 5000 (Fig.7) and even
more so for Re= 6500 (Fig.8). On the other hand, no
recirculation is visible at all at Reynolds number 500 and
3500 when following the fluid particles entering through
the inlet. Looking at Fig.5, the fluid near the wall after the
sudden expansion does not interact with the flow entering
from the inlet.

Figure 6 Selected pathlines from inlet for Re = 3 500
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Figure 8 Selected pathlines from inlet for Re = 6 500

3. Hemolysis Prediction

The parameters f1, fo, f3 determine the strength of the
different processes finally leading to hemolysis. Clearly,
there is quite a large uncertainty concerning the corre-
sponding values, and different parameter combinations
lead to widely varying results concerning hemolysis pre-
diction. Figure 9 corresponds to the published results ob-
tained within the framework of the FDA Critical Path ini-
tiative. For these results, the hemolysis obtained for a
Reynolds number of 5000 is used as a reference to nor-
malize all other values.

15

05

500 3500 5000 6500

Figure 9 Relative hemolysis index choosing the case with
Re=5 000 as reference (index = 1) as measured by FDA
during the Critical Path project [8,9].

Figure 10 illustrates the large variations obtained when
varying the prefactors f; to f3. The first subfigure (a) cor-
responds to the set of parameter values recommended in
[4]. Tt can be easily noticed that the choice of the pref-
actors f very strongly impacts the results. Using the pa-
rameter values from [4], the results of the numerical pre-
dictions do not coincide at all with the published evolution
and show no clear trend when varying the Reynolds num-
ber. Using a manual trial-and-error procedure, it is read-
ily possible to identify other parameter values leading to a
considerably better agreement with the experimental mea-
surements. From all combinations tested up to now, the
values f; = 0.0115, fo = 0.005 and f3 = —30 lead to the
best comparison (compare Fig.10d to Fig.9) with an almost
perfect agreement.

Other parameters of the numerical model might of
course impact as well this comparison. For instance,
the quantity of considered streamlines might modify the
hemolysis prediction. To check this issue, Fig.11 presents
the influence of the number of streamlines for the best set
of model parameters, when considering four times more
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(@ fi = 0.00125, fo = (b) f1 = 0.01, fo = 0.0045,
0.00125, f3 = —5 fz3=—20
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(©) f = 0.012, f = 0.005, (d) f1 = 0.0115, f2 = 0.005,
fz3=-30 f3=-30

Figure 10 Relative hemolysis index choosing the case with
Re=5 000 as reference (index = 1), when varying the model
prefactors. Case a) corresponds to the values recommended
in [4].

streamlines in the post-processing step. The observed in-
fluence is considerably lower than that of the prefactors.
However, there is a visible difference in the predicted
hemolysis level, certainly associated to the fact that a vary-
ing proportion of streamlines become trapped into the re-
circulation zone behind the sudden expansion.
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(a) f1 = 0.0115, f2 = 0.005, (b) f1 = 0.0115, fo = 0.005,
f3 = —30, 869 Pathlines f3 = —30, 3482 Pathlines

Figure 11 Relative hemolysis index choosing the case with
Re=5 000 as reference (index = 1), when varying the number
of streamlines.

Discussion and conclusions

The strain-based model employed in this study should
be in principle far more closer to the physical properties
of red blood cells than stress-based models. However,
this is not sufficient to ensure that hemolysis can be di-
rectly predicted in an accurate manner. The accuracy of
the corresponding CFD-based prediction is probably still
case-dependent. While parameter values employed for
Fig.10a performed well in [4], they give no adequate result
in the sudden-expansion considered for the FDA critical
path project. This is an indication that additional modeling
issues must probably be taken into account before getting
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an acceptable level of generality. This issue will be the
subject of our future work.

After reaching this step, an optimization of the remain-
ing model parameters might easily be carried out by com-
parison with reliable experimental data, as already prac-
ticed in many previous projects in our group (see for in-
stance [10]).

Based on the experience already gained in this project,
a few aspects appear already to be of high importance in
order to support reliable hemolysis predictions:

1. The pathlines are essential for a high-quality analysis
of hemolysis. It is therefore very important to check
that the underlying numerical process is of high pre-
cision.

2. For this purpose, the volumetric mesh used for the
CFD must be itself fine enough and properly resolve
all the regions with high shear and rotation.

3. Comparisons have shown that, for this purpose, a
structured mesh is always to be preferred if possible,
with unstructured meshes introducing very large lev-
els of errors.

4. Obviously, the quality of the CFD prediction, used
as a starting point to compute hemolysis, must be
checked and increased as far as possible. This means
also reaching a sufficient level of convergence and us-
ing higher-order methods.

5. The numerical integration of Eq.(1) must itself be car-
ried out with high-order and low-dissipation methods
in order to get a sufficient accuracy.

After making sure that the employed hemolysis model
is of sufficient accuracy and generality, it will become pos-
sible to use it in order to analyze and quantify the perfor-
mance of the axial blood-pump considered in the further
research project.
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