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Outlet Optimization of the Centrifugal Blood Pump
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Abstract: The Computational Fluid Dynamic (CFD) package COSMOS, was applied to simulate the flow through
three versions of a centrifugal blood pump modeled with Solid Works. In this study, the 3 dimensional flow
patterns through the artificial heart pump was predicted. The simulation was performed to detect Maximum
Shear Force (N) through the pump, Averaged Static Pressure (Pa), Averaged Outlet Velocity (m s™), Pressure
Drop (Pa) and Averaged Outlet Total Pressure (Pa). Three versions have been simulated model; the basic of
Nikkiso blood pump with a circular outlet, the same pump modified with a rectangular outlet and a modified
pump with a sermi rectangular outlet. The pumps were sumulated at T 37°C; with an unpeller rotational speed of
3000 rpm clockwise, the cross sectional area of the outlet window was kept constant at 50 mm® for all versions
and human blood was identified as working fluid with input/output volume flow rate of & L. min™". The
simulation results indicate that model (3) with a semi rectangular outlet has a better performance and gave the
lowest average of static pressure and the lowest blood hemolytic levels with decrease of about 14.12% from
the base pump model (1).
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INTRODUCTION

Heart disease is the mumber one killer of adults in the
western world (Ridker, 2002). When KOLFF's group at the
Cleveland Clinic first displaced their artificial heart project
at the scientific Exhibit of the Chicago Meeting of the
American Medical Association in June 1962, they defined
an artificial heart as follow: An artificial heart 1s a
mechamcal prosthetic heart which completely substitutes
for the natural heart, anatomically and physiologically. It
will be inserted mside the chest after total resection of an
wreparably diseased natural heart (Akutsu, 1975). A
Ventricular Assist Device (VAD), or mechamcal heart, is
a mechanical device used to partially or completely
replace the function of a failing heart located in the
patient's chest. It’s important role 1s to support the native
heart by pumping blood from the heart left ventricular
chamber to the aorta and to all the body. Blood pumps
are widely used as bridge to either recovery or
transplantation and are even being used as destination
therapy for patients with end-stage heart failure
(Bunzel et al, 2007). The demand for qualified, bio-
compatible artificial circulatory support systems for
temporary support or permanent replace an irreparably
human heart 13 well established. This need became
apparent to cardiac surgeons in the early 1950z after the
clinical application of the first hear lung machine. Due to
a shortage of donor hearts for transplants, the demand for

artificial heart pumps has lead to worldwide mvestigation
and development of mechanical assisted devices
including pneumatic pumps, axial flow pumps and
centrifugal pumps. Axial flow pumps, with the advantages
of smaller volume, higher efficiency and lighter weight,
are widely used in Ventricular Assist Device (VAD)
systems (Noon et al., 2000; Macris et al., 1997; Kilic ez al.,
2000). Some VAD's are intended for short term use,
typically for patients recovering from heart attacks or
heart surgery, while others are intended for long term use
months to years and mn some cases for the life of the
patient. These long term uses are typically for patients
suffering congestive heart failure. VAD's need to be
clearly distinguished from artificial hearts, which are
designed to completely take over cardiac function and
generally require the removal of the patient native heart.
Among the available blood pumps the centrifugal blood
pump has received the most interest for use as VAD
because it permits a compact design and can achieve high
blood flow rates. Hemolysis tests and animal experiments
have proved that the blood pump has an acceptable but
not ideal hemolysis level; thrombus occurred and
Computational Fluid Dynamics (CFD) analysis showed
regions of reverse flow present in the diffuser, which not
only decreases the pump’s hydrodynamic efficiency, but
also increases its overall potential for blood trauma and
thrombosis (Zhang et al., 2008). One of the crucial
challenges for current VAD's 13 blood trauma including
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both hemalysis and thrombosis remalting from high shear
stress and stagnation effects on as the blood passes
through the VAD, Mormal haman bood cortains Red
Blood Cells(RBEC "5), which are the most crucial element of
the tlood, hemolysis is the fuphare of the (RBC'S), wilich
releases hemogobin to the blood plasma. It is caused by
high shear stress from m echani cal pam pitg of the blood.

Centrifugal fluid pumps are well known in the
hyrdranlic and poewmatic fields, They typledly consst of
a motor to drive a shaft on wlich a fluid impeller is
moutited. Fenerally, the flud inlet or suction port feeds
fluid to the hob or the certer of the impeller. & munber of
impeller vanes generally project oubeard from the Ind in
spiral paths and are supported between shrouds, which,
together with the vanes, constitute the pumping channel s,
The impeller is encased in a housing that channels the
wotking fluid from the indet port to the buh, or the inducer,
where it isindacted into the pumping charmels between
the vanes and the shrouds. The centrifiagal action of the
impeller drives the working floid oubrad to a diffuser at
the periphery of the impeller disk, where it enters a
scroll-shaped wolute and from there it is charmeled to
the discharge port of the pump (Twton 19935
Cheremisinodf, 1993 ; Evang, 20000, The most successhd
VAD's are desi gned to be more bio-cotm patible andindoce
lowrer shear stress on the blood A number of CFD studies
have imvestigated the effect of geometry on the flow
beha or it the pump. Thete are moatyy applicati ons where
atmore cotpact form of the pomp 15 desired. Thete are

Fig 1:The attificial heart sywstem componerts

also, applications where the shaft and the seals can
present operational problems. & well-known example is
that of the artificial heart pomp where dangerous
blood clots can form in the areas where the motor
shaft erters the pump howsing (Mliller o al, 1590
Kovacsef al., 1980; Shenef o, 20007

It thds research, we focus on the effect of changing
the matlet geometry o the flow behavior, Mazimum Shear
Force (1), Averaged Static Pressure (Pa), &Averaged Outlet
Velodtym 5", Pressure Drop (P4 and Averaged Outlet
Total Presswe (Fd). Figire 1 shows the artificial heart
systemn man compoerts.

MATERIALS AND METHOD 5

Inthisresearch, we modified the outlet of an existing
model of Nikkiso pump. Jolid Work s and COSRMOS flow
works were employed for modeling and simalation. The
goal was to reduce shear stress on the working fluid and
investigate flow behavior theough the pomp. Three
models were designed with same basic parameters and
ditn enis os.

Figure 2 shows the 3D wew of the basic sinndation
model of Nikkiso Blood Pump m odel.

Three different outlets were used The structure of a
6 blades puamp base model is showninFig 2. The impeller

Fig 2: 3D wiew of the basic simulationmodel of Nikkiso

EloodPump
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Fig. 3. 3D view of the outlet geometry design. 1): Model
circular outlet, 2): Model rectangular outlet and 37:
Model semi-rectangular cutlet

Fig. 4: 3D view ofthe 3 different simulation models of the
pump outlet

has 6 blades they were three completed and 3 half blades,
The cazing has one tangential discharge circular outlet.
The outer diameter of the impelleris 11.97 mm and the hub
diameter iz 7.978 mm. Radial clearance between the
impeller and the housging is 1 mm. The cazing inner
diameter 15 82 mm with a 16 mm diameter nlet, a 7.97 mm
diameter outlet and casing thickness is 2 mm.

Ag shown in the Table 1 the only difference between
the models iz the outlet geometry. Thiz can be zeen
clearly in Fig. 3. The cross gectional area of the 3 models
has been kept constant at 50 mm® the 1st model is the
baze Nikkizo design with circular outlet, model 2nd has
rectangular outlet and model 3rd has a semi-rectangular
shaped outlet.
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Tahble 2: The main project definitions procedure and characteristics
COSMOS flow works 2007 C otn i on project definiti on

Unite system 51 urdt (m-kg-g

Analysis type Internal f1ow

Fotation condition 2000 tpm, clockwrise

Input boundary condtion Inlet wolume flow

Input boundary condtion Ctlet environm ental pressure
Inifiate mesh 2016 Cells

Wall thermal condition Adiabatic wall

Calculated results MMazimum shear force (M)

Averaged static pressure (kP d)
Aweraged outlet velocity (m =%
Pressure drop (kPa)

Averaged outlet total pressure kP&

Therefore, it can be zeen in Fig. 4 the 3D view of 3
different simulation models of the pump outlet.

The Computational Fluid Dynamics (CFD) program
COSMOS Flow Works used to caleulate the three models
performance and to investigate the flow behavior in each
case,

Table 2 shows the main project definitions procedure
and characteristics.

RESULTS

A cubical mesh was used in all cases, Table 3 gives
meshing statistics from the models.

Table 4 shows the estimated values of Maximum
Shear Force (W), Averaged Static Pressure (Pa), Averaged
Outlet Velocity (m 574, Pressure Drop (Pa) and Averaged
Outlet Total Pregsure (Pa) for the 3 pump versions.

Ag can be seen in the bar Fig. 5a model (1) has the
lowest value of maximum shear force (0.305 W) while,
madel (2) has the highest value of maximum shear foree
(0,372 N and the maximum shear forces in both of models
(2) and (3) was very similar.

The bar Fig. 5b point out the estimated values of the
average outlet welocity for the three pumps versions.
Model (3) has the highest value of the average outlet
velocity (3.84 m 57" and model (2 has the lowest value at
(269ms )

Ag can be seen in Fig. 5c the model (3) has the
highest outlet total pressure (111 kPa) and pressure drop
(76 kPa) while, it has the lowest average static pressure
(65 kPa). Among the three pump versions model (2) has
the medium values of the Averaged BStatic Pressure
(68 kPa), Pressure Drop (73 kPa) and Averaged Qutlet
Total Pressure (108 kPa). Model (1) has the lowest
pressure drop (59 kPa) and the highest static pressure
(75 kPa), while its cutlet total pressure was (109 kPa) was
very similar to its value in the model (2) and (3).

Blood hemolysis has a direct relation with high shear
stress and turbulent flow which generate by the pressure
on the blood In the model 3 wag the lowest static
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Tabk 3: M chityz reste

Project srvmlation mechirz e culks

Diodel 1 2 2
Totalcells 37352 38,605 30361
Fhid celk 2863 0.009 Qs
Solidcells 12565 13.208 13.576
Partial celle 15924 16.388 16.747
Freglar celk 1] 1] 0
Tteration 268 71 46
Tnitialmech cells 2016 2.016 2.016
Tablk 4: Total evabaticnfor fhe three puomp wersione
Diodel 1 2 3
Dlwdrronn chear forc e (H) 0305 0372 0360
Drreraze d static presame (kPa) 15 a8 G5
Drrerymed onatlet welocity fas—") .06 2.69 34
Precame drop (kP 50 73 T
Dnrerame d onatlet total presame (kP4 109 103 111
Total evvabastion Bad bledimn Crood

L L

Mial 2 —
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Fig. 5t The average oulet welocity for the 3 pomp
VerS 01Ls
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Praarmy deog (Pa)y
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Fig 5c. The averaged static pressure (Pa), pressure drop

(Pa) and averaged outlet total presswe (Pa) for
the 3 pump versions

pressure (65 kP4 which means the lowest shear stress
atwd blood hem olytic, while it was (75 kP4) and (62 kP 4) in
the models] and 2, respectiwely.
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Fig &:Top wews of the flow profiles

Figwed show the flow streamlinesinthe model 3 the
flow behavior seems less turbualence flow than its profiles
inmodels 2 and 1 and the simulation data results indicate
that model 3 with a semi rectangalar outlet has the best
performance ad gave the lowest turbulence and static
presaxe and the lowest Hlood hemolytic lewels with
decrease of about 14.12% from the base puamp model 1.

Based on the physics the streamlines more likely
behare lamina when they man on the plane swfaces this
phenomenon applicable for the outlet models 2 and 3,
howeswer the curvatwre sufaces dlow to the streamlines
toform vortexes and turbalent behavior and thisis exactly
applicable for the outlet model 1.

DISCUSSION

First of all, this first generation design demonstrate
the potential of thiz system to support the geometry
design studies of the ventricular assistart dewices to
the final design impeovement to achieve low lewels of
hemolyais.

Secondy, the results and data pointed out that model
3 of semi-tectangular oatlet has the best performance and
gave agnificard laminat flow among the three models, bt
i fact, that’ s may be real becansge of the ideal conditions
ahd walls which have beenn idertified doring the
gimlation and this design improvement need to be
verified with an experimental data,

In additiorn, we identified the ideal conditions atd
propetties of the working fluid to simdate the real blood
atd this flud behavior needs to be verified by vsing the
real Hlood in o fubure ex periments.

Finally, this research needs to detect m ore factors to
improve the design such as blade mamber and geometsy,
rotational speed gravity, impeller casing clearance atd
outlet positi o,
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Fig. &: Full suspending m agnetic bearing avial impeller pamp

Fig 9: Certrifingal impeller pamp

Fig 10: Pediatric centrifugal impeller pamp

Future work: Further researchin thiz areawill be focus on
the design, prototyping and system fabeication and data
wvetification for both kinds of both the heat avial and
certrifisgal blood puamps.

Sote of the creative compotents can be seenin
Fig. 7-10 have been dore. In addition to other kinds of
special  purpose  impellers for  pediatric and  acdult
circul atory suppotts systems.
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