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Abstract

The flow fields in the blood pump were analyzed three-dimensionally using computational fluid dynamics (CFD).

Hemolysis of the pump was calculated based on the changes in shear stress and related exposure times along the particle trace lines using a

forward Euler approach. In this way, how different impeller structures and rotational speeds affect the hemolysis was particularly ac-

quired. As a result, impeller with long-short alternant vanes behaved best in hemolysis property and can be utilized to axial blood pumps’

development and design.
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Recently, rotary cardiovascular assist devices
have been developed and used for recovery of a failing
heart or as a bridge to transplantation. As a subset of
rotary blood pumps, axial blood pumps have gained
tremendous interest as mechanical circulatory support
devices due to their small size, favorable anatomical
fit, lower power consumption requirements and po-

(=T However,

tential for low cost of manufacturing
the high rotational speed of axial blood pumps and the
small gap between the rotor and housing bring about
high shear stresses and hemolysis. Therefore, it is es-
sential to optimize the local flow dynamics inside the
axial blood pump to reduce the shear stress, avoid re-
circulation regions and minimize the residence time of
the blood cell inside the pump. As to verification of
design modifications in witro hemolysis tests are com-
monly performed, but the tests require plenty of time
and cost.

Recently, computational fluid dynamics (CFD)
methods have been widely used as tools for blood
pump development and hemolysis analysis of the

[5=7] " Hemolysis, the damage of red blood

pumps
cells, was considered to be function of shear stress
and exposure time in previous studies!®® ). In 2001,
Apel et al. (5] used the validated computational model
of a microaxial blood pump for detailed analysis of
shear stress distribution. Several methods are pre-

sented that allow for a qualitative assessment of shear

stress distribution and related exposure times using a
Lagrangian approach and mass distribution in combi-
nation with shear stress analysis. In 2003, Mitoh et
al. t6] computed the Reynolds shear stress along parti-
cle trace lines. Hemolysis was estimated on the basis
of shear stress (z) and its exposure time (z): dHb/
Hb=3.62x10 7246, ,078

creased with time along the particle trace lines. The

Particle damage in-

computed hemolysis index was in good agreement
with the experimental result, which proved that it is
possible to explore quantitative function for hemolysis
based on shear stress and its exposure time. Howev-
er, though several experts applied CFD methods to

[8’9], they simulated simple

various axial blood pumps
structures which cannot satisfy the needs for modern
axial blood pumps with relative complex structures.
In addition, no one tried to utilize CFD methods to
find a proper operational speed range for certain axial
blood pumps. In this study, we analyzed the flow
field of the whole pump including the impeller, flow
straightener and diffuser. Hemolysis index of the
pump was calculated based on the changes in shear
stress and related exposure time along the particle
trace lines using a forward Euler approach. The rela-
tionship between hemolysis index and rotational
speeds was obtained, and by comparing hemolysis in-
dex of seven different types of impellers, a new im-
peller with short-long alternant vanes was proposed,
which has the best hemolysis property. This new im-
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peller structure can be utilized for further develop-
ment of axial blood pumps.

1 Material and methods
1.1 Axial flow pump

The investigated device is an axial blood pump as
shown in Fig. 1. It consists of a pump housing, im-
peller, flow straightener, and diffuser. The outer di-
ameter of the pump housing was 20 mm, the outer
diameter of the impeller was 18 mm, and the hub di-
ameter was 10 mm. The axial gap between the im-
peller and flow straightener was 1 mm. Seven types
of impellers were respectively used in this study, as
shown in Fig. 2. The impellers’ structures were
modified from the original impellers of the De-
Bakey[1‘3] and Jarvik*l. The numbers of the im-
pellers were chosen to be three to six according to tra-
ditional pump designing experiences.

Pump housing

Diffuser

Impeller Pump housing

i
Flow straignten%r

Fig. 1. Structure of the axial blood pump.

Fig. 2. Structures of seven different impellers.

The impeller is driven by the motor at a maxi-
mum speed of 8000 r/min. The maximum pump out-
put is 5 L/min at the physiological pressure levels.
Three-dimensional models of the pumps with different
impellers were generated on a computer for further
fluid dynamic simulation.

The structure of the impeller A in Fig. 2 is the
same as the model shown in Fig. 1, models B, C, D
have 5,4, 3 long vanes, respectively. Model E has 3-
long and 3-short vanes, model F has 6 short vanes,
and the hub of model G is not a cylinder.

1.2 CFD modeling and resolvent
1.2.1 Model and mesh

In this study, the three-dimensional models were
divided into hexahedral elements using the grid gener-
ation tool (Hexa, olcemCFD). The entire mesh is J-
shaped with an O-grid topology around the vanes.
The number of elements is 750000. The computation
grids are shown in Fig. 3(a) and Fig.3(b).

Fig. 3. Computation grids of the axial blood pump. (a) Compu-
tation grids of the axial blood pump; (b) Computation grids of the

impeller.

1.2.2 CFD analysis

The CFD software package Fluent6.2 was used
for boundary setup, post progressing and solving.
The inflow was set to be 5 L/min and the outlet pres-
sure was set to be 1.01 X 10° Pa at the outlet of the
pump housing. A low turbulent intensity of 0.01 was
set at the inflow boundary. The wall was defined as a
non-slip wall. The impeller region was defined as a
rotating frame and the stage-rotor and transient-rotor
computations were applied for the calculations of
macroscopical fluid parameters and details of the
whole flow field, respectively.

Blood was assumed to be an incompressible New-
tonian fluid with a density of 1059 kg/m> and a con-
stant viscosity of 3.6 X107 Pa-s.
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Small-scale turbulence is not expected to play a
significant role in force generation. Therefore, for
simplicity, a two-equation Reynolds averaged Navier-
Stokes turbulence model!') has been used rather than
transient specific models, such as large eddy simula-
tion or detached-eddy simulation (DES). The point
of flow separation is important to predict the shear
and pressure forces acting on vanes, but the tradition-
al k-e turbulence model cannot accurately predict the
separation point. Therefore, the shear stress trans-
port (SST) turbulence model is used to better indicate
flow separation. When the node resolution of the near
wall region is sufficiently high, the %k-w model makes
a more accurate description of the near wall region.
In regions with low grid density, the implemented -
w model automatically switches back to the conven-
tional wall function.

1.3 Calculation of hemolysis estimation

Mechanism of blood damage and effects of shear
stress on blood corpuscles were investigated by Gier-
siepen et al. (103 The following basic model for esti-
mation of blood damage is proposed as

dHb/Hb = 3.62x 107 - 2%« 27 (1)
where Hb is the hemoglobin concentration, dHb is
the increase in the plasma free hemoglobin concentra-
tion, 7 is the shear stress, and ¢ is the exposure
time.

The quantity — p u;u, is known as the Reynold

stress tensor and is a symmetric tensor:

pz?z puv puw

puu; = (o’z; ‘m_}z pvw | (2)

wu P wu p’(TUZ
where u, v, w are the fluctuating components of
the fluid mean velocity along x-axis, y-axis and =z-
axis. Fluent 6.2 provides these values at each node.

The viscous stress o,; is a nine-component ten-
sor. As a Newtonian fluid, the viscous stress of the
blood is proportional to the element strain rates and
the coefficient of viscosity g :

ou; OJu;
_ i, 27
% ~ ¥ ox; * oz, 3)

The shear stress in the turbulent flow was ob-
tained as a summation of the viscous and Reynolds

shear stress:
Ty = o0y T pum,. (4)

With the method proposed by Bludsuweit!!??,

the shear stress value at each node was given as:
1

R DY CHER R yPol I

Through the particle tracking command of Fluid
6.2, the particle lines were obtained by using a for-

ward Euler approach:

= xtl-_l + v At, . (6)

i
where xti_l and ' are locations of particle at the pre-
ceding and present time step, At is the time interval,
and wv; is the local speed vector of {luid element 7. It
is assumed that the effect of shear stress on red cells
can be summed along the particle trace.

For each red blood cell, the increase in the rate
of damage for a time interval is expressed as:

d,; =3.62x 107 x c(t = t, ;)"

X (ti _ tv71)0'785, (7)

where p indicates the number of the trace lines. The
initial damage D was set to be zero, and the accumu-
lated damage D, for the p-th particle trace line from
time zero to ¢; was expressed as:
D,,=D, .+ (1-D, .d, ;- (8
For all the particle trace lines, the damage of the
red blood cells could be calculated. The estimated
hemolysis index E was defined as the average damage
of all the trace lines:

1Y :
E :NZJDP. (9)

If enough particle trace lines are taken into account,
estimation errors of E can be neglected.

2 Simulation results
2.1 Distribution of shear stress

Fig. 4 shows the distribution of shear stress on
the axial section, and Fig. 5 shows the distribution of
shear stress along the particle trace lines. In the
above two figures, high shear stress is observed main-
ly in the region near the interface between the rotat-
ing impellers and diffusers, and the gap between the
edges of the impellers and housing has shear stress
over 1000 Pa. Therefore, better structures of im-
pellers and diffusers should be proposed to decrease

shear stress.
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Fig. 4. Distribution of shear stress on the axial section.

2.2 Estimation of hemolysis

The hemolysis index E modified with different
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Fig. 5. Distribution of shear stress along the particle trace lines.
numbers of particle trace lines, and its error can be

neglected when over 100 particles are taken into ac-
count, as shown in Table 1.

Table 1. Hemolysis index E with different numbers of particles
Numbers 345 296 258 230 207 104 70 52 42 35 30 14 8
E 0.031 0.030 0.030 0.031 0.031 0.031 0.029 0.033 0.028 0.031 0.026 0.025 0.035

Fig. 6 shows the estimated hemolysis damage
when the axial blood pump operated at different rota-
tional speeds ranges from 3000 r/min to 8000 r/min.
With the increasing rotational speeds, the hemolysis
of the blood cell increases obviously. Relative hemoly-
sis index Egg is equal to E/Egy,, where Egyq is
hemolysis index of pump with impellers as model A in
Fig. 2 when it is operated at 8000 r/min.

ref

Relative hemolysis index E

3000 4000 5000 6000 7000 8000

Rotational speed (r / min)

Fig. 6. Relationship between rotational speed and relative hemol-

ysis index.

Fig. 7 shows the estimated hemolysis results of
pumps with different types of impellers at 8000 1/
min, and the 6-long vane’s relative hemolysis index is
the highest. The hemolysis index of the pump with
the 3-long vane was the lowest, with the 4-long vane
impeller and the 3-long 3-short vane impeller fol-

lowed. Among all the 6-vane structures, model E be-
haves best in the hemolysis property. This new im-
peller design should be applied to the development of
axial blood pumps.

< bt =
=) o0 =3

=
'

@
o

Relative hemolysis index Egg

<
=)

A B C D E F G
Seven different impellers

Fig. 7.

impellers.

Relative hemolysis index of pumps with seven different

3 Discussion and conclusions

This study introduced CFD methods to estimate
the hemolysis property and fluid dynamic parameters
of axial blood pumps which otherwise cannot be ob-
tained in detail from in vivo experiments. For accu-
racy of CFD simulations and calculations, appropriate
turbulence and near wall model were applied. Stage-
rotor computation was accurate enough for macro-
scopical fluid parameters, such as the pump’s pres-
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sure head, efficiency and hemolysis analysis. Howev-
er, transient-rotor computation had to be taken into
account for details of the whole flow field. To predict
the shear and pressure forces, the shear stress trans-
port (SST) turbulence model is used to better explain
flow separation.

According to the results of CFD analysis, high
shear stress can he observed mainly in the region be-
tween the rotating impellers and diffusers and the gap
between the edges of the impellers and housing. Be-
cause diffusers are used to translate the rotational flow
to the axial flow to increase pressure head, proper
discharge angle and generatrix should be utilized to
avoid high shear stress in the region between the im-
pellers and diffusers.

In this study, hemolysis of the pump is calculat-
ed based on the changes in shear stress and related ex-
posure times along the particle trace lines using a for-
ward Euler approach. Only when at least 100 parti-
cles are included, can the error of hemolysis index be
neglected. The hemolysis index of the blood cell in
the pump strongly depends on the numbers and struc-
ture of the impellers. The impeller with long-short al-
ternant vanes behaves better than those with all long
or all short vanes in hemolysis property.

In addition, the rotational speed is another im-
portant factor influencing the hemolysis of the blood
cell. According to Fig. 6, when the rotational speed
increases in the range of from 3000 r/min to 5000 r/
min, hemolysis index increases slowly. However,
above 6000 r/min, the pump’s hemolysis index in-
creases rapidly. In conclusion, there is a conic rela-
tionship between the rotational speed and hemolysis
index.

In sum, according to the above calculation and
fluid simulation of axial blood pumps with seven dif-
ferent impellers operating at six different constant
speeds ranging from 3000 r/min to 8000 r/min, a
preferred impeller structure with the best hemolysis
property is attained: the 3-long 3-short vane im-
peller. And the preferred operating constant speed is
6000 r/min, which is the turning point above which
the pump’ s hemolysis index increases sharply.
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