R A L b P v 41 I T | Vs . |

s Journal of Drainage and Irrigation Machinery Engineering

Doi; 10.3969/j. issn. 1674 —8530.15.0120

Computational fluid dynamics of left
ventricular assist device under
unsteady flow

BUMRUNGPETCH J.

BUMRUNGPETCH J.', TAN A. C.*

(1. Faculty of Science and Engineering, Queensland University of Technology, Brisbane QLD 4001, Australia;
2. LKC Faculty of Engineering and Science, University of Tunku Abdul Rahman, Bandar Sungai Long, Selon-
gor 43000, Malaysia)

Abstract: Left ventricular assist device (LVAD) in this study is a mechanical tool that is used to sup-
port blood flow in the patient with heart disease. It supports left ventricle by building up the pressure to
the pump outlet connected to the aorta. This pump was designed based on the magnetic driven centrifu-
gal pump with a unique small washout hole constructed inside the impeller to generate the washout flow
passage to prevent the stagnation at the region underneath and around the rotor. Computational fluid
dynamics (CFD) was adopted in this study to assess the performance and optimize the design to avoid
recirculation and high shear stress which is the main cause of stagnation and blood damage. Transient
simulation was used for this study due to the asymmetric design of the washout hole and the complica-
tion of the bottom support of the impeller that has a risk of thrombosis, also, it was used to predict the
variation of hydraulic performance caused by the rotation of the impeller and pulsed flow at the pump
inlet. The simulation results show no excessive stress and no recirculation observed within the computa-
tional domain; in addition, the research result also provides information for further optimization and de-
velopment to the pump.
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ler where the blood could flow in and keep recircula-

1 Introduction

Ventricular assist device (VAD) is a mechanical
tool that is used to support blood flow in the patients
with heart disease. It is now more increasingly used as
it can be used for both bridge to transplant and long-
term support until the heart function is recovered'' >,
One of the major concerns regarding to the design of

most centrifugal VAD is the area underneath the impel-
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ting in the area, which could lead to thrombosis if the
washout mechanic is not properly developed. The de-
sign of left ventricular assist device (LVAD) in this
study provides a small hole inside the impeller to pre-
vent this problem and the computational fluid dynamic
(CFD) was employed for further analysis to identify
the risk of thrombosis and predict the performance of
the pump.

CFD analysis has been used as a tool for heart
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pump development for several years'> ™' and several

researchers have successfully simulated the heart pump
flow and analysis using quasi-steady analysis in good
agreement with the experimental results without conside-

P8 For example,

ring the variation of flow rate
SONG et al”®’ explores a quantitative evaluation of
blood damage that occurs in a continuous flow left ven-
tricular assist device due to fluid stress, and proved
CFD was an effective approach to analyze Lagranian
behavior of blood in a heart assist device. However,
the design of the LVAD in this study contains several
unbalanced and small structures that have a risk of
forming recirculation flow and stagnation especially
when it operates under the unsteady flow, where it
would be the nature of operating condition for most
blood bumps as the inlet of the device has to be con-
nected to the ventricle that generates the pulsed flow
when it contracts. Therefore, the evaluation needs to
be carefully conducted and thus the transient simula-
tion was adopted for this simulation as it could provide

information for the wunsteady flow rate

[9-10]

insight

condition

2 Model and methodology

2.1 LVAD design

The LVAD pump used in this study is based on a
small magnetic drive centrifugal pump which was de-
signed to generate head pressure higher than 1.36 m at
the rotation speed 2 900 r/min under the flow rate of

0.5 L/min to supply blood to the aorta, as seen in
Fig. 1.

Fig.1 3D model of LVAD

The pump comprises one inlet diameter 16. 20 mm
connected to the chamber directly to the eye of the im-
peller, and an outlet port diameter 13. 50 mm, the im-

peller with 6 blade semi-open type impeller is suspen-

ded within the housing chamber by means of pivot
bearing at the top and six small fin-shaped feet support
the bottom of impellers. Inside the impeller, a through
hole diameter 2.0 mm was constructed to create the
flow passage from the bottom of the impeller that helps
to remove recirculation which is the main cause of

thrombosis within the pump,as seen in Fig. 2.

Fig.2 Impeller model and structure of
washout hole inside impeller

2.2 Simulation models and method

1) CFD model

The fluid model of the pump was constructed in
Solidworks 2011, and the model was made into 2 sepa-
rate parts, the stationary and the rotating domain. The
stationary domain comprises inlet pipe, volute housing
and the outlet pipe and the rotating domain represents
the fluid volume around the impeller. The computa-
tional grid was generated in Ansys ICEM CFD meshing
using the unstructured tetrahedral mesh method. The
number of elements on the impeller and the housing
approximate 412 000 and 909 000 respectively.

The grid independent test was conducted on the
pump model to ensure that the current number of mesh
was sufficient to convey the accurate results. The test
was done by varying element density on the pump mo-
del and the steady state simulation was conducted for
the result comparison. The number of mesh varied from
estimated 80 000 to 2 500 000 elements with the ap-
proximate element ratio of stator to rotor 2: 1 and total 6
conditions were conducted.

The relation between the number of elements and
the head pressure is shown in Fig. 3, where H is pump
head, N is number of elements. It can be observed
that the head pressures of the models comprise total
660 000 elements and tend to be steady. Consequent-
ly, it is verified that the current number of elements is
sufficient for this study.

The working fluid in this simulation was set to re-
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present the property of human blood with the density of
1 056 kg/m’. The high shear stress within the pump

makes the Newtonian behavior assumption of the blood

[11]

viable and thus the viscosity was set to be constant

at 0. 004 Pa - s.
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Fig.3 Number of elements versus pump head

2) Turbulence model

The type of flow within the LVAD was predicted
by the Reynolds number (Re) from the following equa-
tion:

Re , (1)
7

where p is the fluid density, w is the angular speed of
the impeller, D represents the outer diameter of the im-
peller, and u expresses the viscosity. An estimated
Reynolds number of this LVAD was greater than
100 000 which means there is turbulence flow within

{1 The turbulence model which was used to

the pump
describe this characteristic of the flow is the standard
k — & model.

3) Boundary conditions

There are three transient simulations conditions
conducted in this study. The first condition has a varia-
ble flow rate at the inlet pipe of the pump to simulate
the pulse flow from left ventricle; the second condition
carries out the steady flow rate at the pump inlet but
has smaller time step setting to exam the variation to
the flow due to the impeller blades movement, and fi-
nally the last condition is the combination of the first
and the second condition.

Condition [ : The input boundary of this condi-
tion is set to variable flow rate to replicate the pulse
flow from left ventricle. The flow rate is based on the
SONG's equation'"’ for the left ventricle volumetric
flow rate ( ) which is derived from the experimental

data using a discrete Fourier transform as follows ;

N
Q=C+ Zaicos(ZiTrt) + b;sin(2imt),  (2)
=

where C =5.430, a;, = -0.485, a, = -0. 143, qa, =
0.267, b, =1.589, b, = —=0.095, b, =0.097 at the
heart rate 60 bit/min.

The flow rate to the pump varies between 3. 69 L/
min and 7.48 L/min over 1 second period of time as
shown in Fig. 4. The boundary condition for the outlet
of the pump was set to static pressure 14.7 kPa. The
time step for this simulation was set to 0.006 9 se-
conds, and 145 time steps were specified for 1 heart
cycle. The result was obtained from the second beat in

order to obtain the steady results.

0 12 14 16 18 20
t/s

Fig.4  Variable flow rate at the inlet of the
purmp in Condition I

Condition [[ : The uniform constant flow rate of
0.5 L/min was applied to the inlet of this condition. In
order to depict the effect of blades on the pump flow,
smaller time steps are required, hence the time step
was set to 0. 000 517 5 s per step or 3° of impeller ro-
tation per a time step. In order to obtain the steady re-
sults, the calculations were carried out for five revolu-
tions of impeller or 0. 310 5 s (600 time steps).

Condition I: This condition has the pulse flow
applied at the inlet while small time steps were also ap-
plied to capture the effect of impeller blade and wash-
out hole to the hydrodynamic performance of the pump.
The input boundary was pulsed flow as specified in
Condition I and the outlet condition is static pressure
14.7 kPa. The time step size is 0. 000 517 5 s but to-
tal period of time becomes 2 s or 2 heart cycles which
means totally 3 800 time steps were calculated.

For all conditions, transient rotor/stator condi-
tions with frozen rotor were applied, and the steady
state simulation results of the nominal pump operating
condition were used as an initializing condition to re-
duce the convergence time and computational resource
for the simulation.

2.3 Hemolysis modeling

The blood damage estimation of this device is

95 [0
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done on the steady state condition based on the shear
stress information generated within the device using the
Eulerian method proposed by GARON and FARINAS''"*'.
This estimation method is done by integrating the linea-
rized damage function of the red blood cell (D,) and

integrated over the whole domain as presented below.
= 1
D= fv odV, (3)

where Q) is the flow rate, V is the volume of the de-
vice, ¢ is shear stress, and (D,) is the average linear
damage calculated from the relation
D:(DI)0‘785. (4)
From the damage value D, the normalized index
of hemolysis ( NIH) can be calculated by the following
equations :

NIH = 100HbD. (5)

3 Result and discussion

Condition [ : Head pressure of the pump is re-
presented in Fig. 5. In this pump design the small drop
on the flow rate at the inlet could cause large head
pressure drop on the pump and thus there is a large
variation on the overall pressure profile. The head
pressure ranged from 1.35 m to 1. 42 m under this si-

mulated heart pulse.

10 12 14 16 18 20
Fig.5 Pump head under variable inlet flow

In addition to the head pressure, the pump struc-
ture that requires magnetic suspension to control the ra-
dial position of the impeller, the direction of total ra-
dial force (F.) which is an accumulated force between
F_and F  was identified by the following equation:

F
— -1y
0 =tan P (6)

Fig. 6 displays the radial force and the force traje-
ctory in the polar coordinate during one heart cycle.
The variation of force exerted on the impeller presented

in this figure is a result of an asymmetry design of the

pump volute. The magnitude of radial force is greater
as the blood flow rate into the pump is increased,
where it approximately ranged from 0. 15 N to 0. 50 N.
This radial force exerted on the impeller is in the ap-
proximate direction between 310 —330 N which is the

direction of the wider side of the volute.

90

270

Fig.6 Radial force trajectory on the impeller
during one heart cycle
Condition [I ; With the steady flow at the inlet
and a smaller time step setting, the graphs between
head pressure and radial force versus time are plotted

in Fig.7 and Fig. 8.
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Fig.7 Head pressure during one revolution of the impeller
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Fig. 8 Radial force during one revolution of the impeller

According to the graphs, the impeller blades and
the out-flow from washout hole cause very small fluctua-
tion that is almost unnoticeable on the head pressure of
the pump and the radial force. The average head pres-
sure approximates 1. 39 m and the force pressure is es-
timated at 0. 397 N in the same estimated direction as

Condition I.
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Fig.9 Streamlines plotting of blood flow
through the washout hole

Streamlines plotting in Fig. 9 displays the flow
pattern of blood flow under the impeller through the
washout hole. From the bottom view of the impeller,
blood swirls in the same direction of the impellor rota-
tion toward the washout hole at the middle; the flow
velocity increases as it flows closer to the centre. The
blood continues swirling through the washout hole as
seen in the side view before becoming more uniform
near the outlet at the top of the impeller then exit
through the impeller vane. The flow rate through this
washout hole is almost steady at 0. 096 L/min or ap-
proximates 2% of the pump flow despite the unba-
lanced structure of the hole.

In order to identify the risk of stagnation within
the washout hole, the velocity contour has been plotted
on the cross-sectional plane during one revolution of
the impeller, where the washout hole rotates to diffe-
rent positions as shown in Fig. 10. The low velocity re-
gion which indicates high chance of stagnation was not
found in the washout hole at any impeller position.

Condition Il; A simulation of pulsed inlet flow
with small time steps was conducted. The head pres-
sure represented in Fig. 11 still presents the same trend
as shown in Condition I, however, the fluctuation of
the flow caused by impeller blades is higher than the
variation found under the steady flow rate of Condition
II. Therefore, further investigations were conducted at
the time step 0. 230 s where it has a high risk of throm-
bosis due to high fluctuation and low head pressure.
The cross-section view of velocity contour at this time
step is then plotted in Fig. 12, and there is no stagna-

tion observed within the hole.
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Fig. 10 Section view of velocity contour within the washout
hole during one impeller revolution
Fig. 11 Head pressure of the pump under Condition [I[
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Fig. 12 Velocity contour in the washout hole at the time 0.230 s
where high flow variation occurred in the pump
Despite higher fluctuation of the flow, variation in
magnitude of the radial force exerted on the impeller is
not significantly increased. The radial force is still in
the range between 0. 15 N and 0. 51 N as shown in the
polar coordinate plot in Fig. 13. However, this simula-
tion can capture the fluctuation of force direction
caused by the outflow from the washout hole which de-
viated around 15 N from the normal radial force profile
previously observed in Fig. 6. This fluctuation of force
occurred as the washout hole moved close to the volute
tongue. The outflow was strong enough to cause the reac-
tion force that disrupts the direction of normal radial
force. It is notable that this force was not captured in
Condition I which has larger time step and is not possi-
ble to be observed by the steady state simulation.
Blood damage estimation: The shear stress in-
duced hemolysis generated from this LVAD was identi-
fied by the NIH index. According to the shear stress
information from the steady state result the estimated

NIH value of this device is 0. 006 9 g/100 L.

o7 [0
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Fig. 13 Radial force trajectory on the impeller during
one heart cycle of Condition [II

4 Conclusion

Although the steady state simulation could provide
accurate results for the output performance and flow
characteristic within the blood pump, the results from
this study show that variation of the input flow from the
ventricle pulse could amplify the fluctuation of the flow
within the device. Therefore, transient simulation is
the solid option for the analysis of the device which has
complicated structures as it could provide greater de-
tails and more accurate results under different flow va-
riations.

According to the simulation of all cases, the blood
pump in this study could provide sufficient hydrody-
namic performance to function as LVAD while the
washout hole could perform efficiently in preventing the
stagnation without having much negative impact on the
overall pump performance. However, the experiment
on the prototype under the pulse flow in the mock cir-
culation loop is still a requirement for design verifica-

tion as the next step for the future development.
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