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Abstract: Computational Fluid Dynamics (CFD) has been used for developing and evaluating the performance
of a novel design of the Cardiac Axial Blood Pump (CABP). This device could be used as an implantable pump
for boosting blood circulation in patients whose hearts are not providing sufficient output. Based on the Berlin
Heart configuration the blood pump has been designed for a flow rate of 5 . min™" and 100 mmHg of head
pressure. Finite element analysis method has been performed to predict the shear stress, velocity and pressure
drop applied on the fluid through the pump and the shear stress on the pump impeller. Furthermore, flow
streamlines has been discussed to predict the flow streamlines behavior and the expected stagnation points.
The aim of this research is to design an efficient blood pump to support the blood circulatory system and
reduce the shear stress and blood hemolysis during transport through the pump. The design simulated at
several rotational speeds (5000-7000 rpm) to mvestigate the relationship between the rotational speeds and
shear stress. Results mdicate that the rotational speed has a direct correlation with shear stress and pressure
drop. Onthe same stream, we found that at 6500 rpm the pump gives its optimal pressure drop and shear stress.
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INTRODUCTION

Heart disease 1s the number one killer of adults in the
Western world (Tetsuzo, 1975; Hussein and Gitano-
Briggs, 2008). About 20 million people worldwide suffer
annually from Congestive Heart Failure (CHF), about 25%
of them in the United State (US) alone. In the US, a
distressingly low 2000-2500 donor hearts 1s only available
each year. One possible approach to recover this situation
1s to use a mechanical tool to boost or to create blood
flow m patients suffering from hemodynamic decline that
15 loss of blood pressure and lower cardiac output. The
ultimate ambition of this device can be replace the natural
heart, i.e. Total Artificial Heart (TAH), or to assist an
ailing heart, 1.e. Ventricular Assist Devices (VAD). In
either approach, the device can be used to bridge the gap
while, waiting for a matching donor heart for
transplantation. However, to ease the shortage of donor
hearts, making these devices suitable for long-term or
permanent use would be an ultimate aim. Another benefit
of an assisted device is the potential for providing time for
the natural heart to recover. In some patients, it has been
observed that the natural heart can be recovered by
unloading the pumping requirement through the use of a
VAD (Hafez, 2003). The high demand for qualified and
bio-compatible artificial circulatory support systems for

temporary support or permanent replace an irreparably
human heart is well established. This need became
apparent to cardiac surgeons in the early 1950s after the
climcal application of the first heart lung machine. Due to
a shortage of donor hearts for transplants, the demand for
artificial heart pumps has led to worldwide investigation
and development of mechamcal
including pneumatic pumps, axial flow pumps and
centrifugal pumps. Axial flow pumps, with the advantages

assisted devices

of small volume, high efficiency and light weight are
widely used as VAD systems (Noon ef al., 2000). Some
VAD's are mtended 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 in some cases for the life of the patient. These
long term uses are typically for patients suffering CHF.
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 axial
and centrifugal blood pumps have received the most
interest for use as VAD, because it permits a compact
design and can achieve high blood flow rates. Hemolysis
tests and ammal experiments have proven that the blood
pump has an acceptable but a not ideal hemolysis level,
thrombus occurred and CFD analysis showed regions of
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reverse flow present in the diffuser, wiich iz not only
decreasing the pump’s lyrdrodymamic efficiericy.
However, increases its overall potential for blood
travma  and thrombosis (¥ an Zhang ef &, 20087, One of
the crucial challenges for orent VAD's is blood trawma
including both hemolysis and throm bosis resulting from
high shear stress and stagnation effects on as the blood
passes through the VAD . N orma naman Hlood contains
Fed Blood Cells (REC'3), which is the most important
elemert of the blood Hemolysis is the muptre of the
RBC s, whichreleases hemoglobin to the Hood plasma, Tt
is caused by kigh shear stress from mecharical panping
of the Hood Shear stress has a direct correlation with
hemolysis and stagnation has a direct correlation with
thrombosis. Both & aial and certrifingal blood pnmps are
well known in the bydeadic and proeamatic fields. They
typd cally consist of a rotating impeller. Generally, the fhud
irdet or suction port feeds fluidto fhe hob or the center of
the impeller. & manber of impeller vates generally project
outward from the hub in spiral paths and are supported
betreen shrouds, which together with the -anes
constitute the pumping charmels. The impeller is encased
in a housing that charmels the worldng floid from the inlet
pott to the b o the inducer, where it is inducted into
the pumping chatmels betweenn the wvanes and the
shrouds. The axial action of the impeller drives the
working fluid outward to a diffuser at the avial and
petiphety of the impeller (Tuttorn, 1993 The most
successiul AT g are designedto be more bio-com patible
atud inchace mirimum shear stress onthe blood A namber
of CFD studies have investigated the effect of geometty
oty the flow behavior in the puamp. There are taty
applications whete a more compact form of the pomp is
desired. There are also applications, where the shaft and
the seals can present operational provlems. A well-ktiown
exatple iz that of the artificid heat pump where
danger iz blood clots can form in the ateas where the
motar shaft enters the puamp hovsing (Wil e of &, 19907,
It the present study, we fomzed on the design of a novel
catdiac axial blood pump due toits advatitages to use as
VAD, such az a stmall size, compact design, magnetically
suspended and adecuate flow rates. The focus area is
shearing stress and blood hem clysis. While, the byrdrandic
design of the puamp delivers appropriate fluchiation
agaitist given pressre head the hemolytic design of the
pump iz ecually i portant Blood damage of hemolysis
atd blood coagulation or tlrombosis iz tero important
fedures of the hemw dlytic design A clesr understanding
of these processes in complex flows in blood handling
devices iz yet to be formed In lack of an exact behawiot,
several models have been proposed in the stdy that
relates the hlood damage to the local shea ratesin the
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Fig. 1: 43D top wiew of the CABP cote components

flowr. These models are based on the simple shear flow
experith ents that measwe the time dependent hemolysis
at steadsy shear (Aroraefal, 1995 Giarsiepenefal. (15907
developed a correlation for steady shear hemolysis in
shott time scales relevart to flow in a Wood pamp based
oty expetimental resmidts. The correlationis (Eg 1

&aHh

T = 62x107 5" 416 At 785 (Pas) (0
whete:

AHbHY =  Hemolysisindex or the ratio of plasma free
hetmoglobin to the total hemoglobin in the
samile (Fa.g)

5H = The shea stress (Pa)

t = Exposure tithe [ 2ec)

Fignre ]l shows the three ditmensional top view core
components geom etry of the novel design of the Cardiac
Blood Pump (T ABPY, itis a device designedto be used as
an implartable pump to support the Hood cronlation in
patient who heart 15 not pumping an adequate cardiac
outlet.

MATERIAL S AND METHOD 5

Bolid wotks and COEMOE flow  software version
2007 are emploved for modeling and sinodation of the
CABP. The study considers siv different rotational speed
(From 5000-7000 rper) clockwise. The aim s ave to study the
flowr streamlines behavwior, the shear stresses onthe fludd,
shear stress on the impeller, mavimwn presaye and the
pressare drop of the pomp. The simdation have been
done wuder the atmospheric pressae, no  gravity
Temperature 37°C, inlet volume flow rate 5 L min™' and
the ideal Inyn an blood characteristics were identified as
wotking fluid while, titandum applied as a material for all
the am p components.

Geometry of the pump: Figre 2 show s3D top wiew of the
CABP model. The punp has a case and core, the pump
cove condsts of three partsr straighter, impeller and
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Fig 3: The mesh form of the pumpimpell e

ciffiaser were avially assembled The impeller has a 30 mim
length and 20 man dameter. [t has tuo owrved blades 650°
clockurize, the impeller has to move around the avia
directicr freely. The straighter has 30 mum length and
2005 mm dameter andithas 4 draight blades The diffiaser
hias 40 mm length and 2005 mm dameter and it has three
curved blades, The cylindrical case has a ciroular avial
inlet and outlet 204 mm dam eter. The radial clearance
between the impeller and the housing is 0.2 mm. The
strad ghter impeller blades gap junction is0.5 mm and the
itpeller diffuser blades gap junctionis 1.5 mm. Pressure
atid sheat stress has been detected aong 100 mum line
th ough the panp and 0.1 mim distance from the caze.
In the fubwe designing reseatch could be uge this
information in cojunction with experimerntal data and
practicd experietce. Field testing iz mandatory to walidate
out final design COIMOE researches help us reduce the
titn e to-tratket by reducing bt not eliminating field tests.

Meshing: Using fine and suitable mesh lead to get high
guality data wery close to the real data Modeling right
procedhwes lead to create a fine and quality mesh Firdte
Element Analysis (FEA) provides a dependable mamerical
techirue for analyeing ensineering desi ghe. The process
starts with the creation of & geometric model. Then the
ft ogratn subdividesthe model into small simple elements
cotnected at common points (nodes). Finte element
atilysis programs appear at the model as a nebwrorl of
discrete intercormected elements. The Findte Elemert
Method (FELD predicts the behavior of the model by
combiting the irformation obtaned from all elements
making up the model The softerate estimates a globa
eletrient size for the model consideringits wolume, suface
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area and other geometric details. In the present studsy,
meshing geterated 30 tetrahedral solid elements and 2D
triatmd ar shell elements (Fig 3.

Shear stress: The main aim of this study isto predict the
shear stress on the working fluid applied by the pomp
compotierts. In addition, the peessure drop through the
pun p calculated theough the pump along a detector line
0.1 mm distance from the inner sirface of the case.

Simulation: Specifiing boundary conditions and stator
wallzat the inlet boundary condition 5 L min™ wolume
flowr rate has been specified relative to rotating frame. At
the outlet bowndary condition errrirorument presswe is
specified as default wvalue, When we specifiyy a rotating
reference frame, it is assumed that all model walls are
rotated, with the reference frame's anmdar welocity, wless
we get a specific wall to be stationary. To specifya
not-rotating wall, the stator moving wall boundary
cotwditicsy applied to this wadl, Specifying, the stator
bounday condition is the same as specifying the zero
velocity of this wall in the absolute (non-rotating) frame
of reference. Also, the stator face must be axisymmetric
with respect to the rotadion axis We specified the stator
cotdition at the corresponding walls of the pump’s case,
which is the inmer face of the case exclude the inlet and
outlet faces.

RESULTS AND DISCU SSI0N

Rotational speed and shear siress: Figwe 4 shows the
shea stress distibution alotg the pomp impeller at
different rotational speeds 5000, 55300, 6000, 6500 atwd
7000 rpm. Therefore in all five cases as the rotational
gpeed iticrease the shear stress increase too, maximm
sheat stress ocoured at the distance between 20 and
60 i, where iz the location of the rotating part o the
putp, whichis expected.

Pressure drop and hydraulic pressure gain: The design
hawve to achieve 100 mmHg pressye drop. Pressuwe drop
atwd biydranli o gain have a divect correl ation with rotati onal
speed. From Eq 2, lpdraulic gain can be calowlated by
dividing the total pressure drop over the outlet dymamic
pressae. From Fig 5 it can be seen as the rotations
speed increaze the pressure drop also increaszes. Table 1
shoars the pamp performance in term s of pressure drop,
maxitmyn shear stress and bopdrandic gain. From Table 1, at
rotational  speed of G500 rpm the presswe drop is
103 mmHg and the bryrdranlic gain 323, which is very cloze
tothe required walue of the pressuare drop, at 7000 rpim the
pressure drop 120 mmHgand bepdranlic gain 462, b gher
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Table 1. Performance of the pump at different rotational speeds

Rotational Max shear Pressure Hydraulic
speed (rpm) stress (mmHg) drop (mmHg) gain (unit less)
5000 047 9.5 57

5500 050 46.0 32.0

6000 041 62.0 47.0

6500 0.64 103.0 323.0

7000 074 129.0 463.0

pressure drop and hydraulic gain can be achieved, but as
the speed increase the maximum shear stress and blood
hemolygis also will increase (Eq. 2):

AP

HG=— (2)
Pd
where,
HG = Hydraulic pressure gain
AP = Pressure drop
Pd = Dynamic pressure at the outlet

Figure 6 shows the pump performance in terms of
hydranlic gain and pressure drop, as can be seen the
pressure drop has liner behavior and its increased
gradually and stable as the rotational speed increased
while, the hydraulic pressure gain has a non liner
behavior. From the presented results, the rotational
speed of 6500 rpm is highly recomm ended for this design.
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Fig. 7: Pressure distribution inside the pump

Pressure drop: Figure 7 shows the pump pressure
distribution at rotational speed of 6500 mpm, as can be
seen the inlet total pressure is 656.8 mmHg, at the
straighter region from the inlet to 30 mm distance about
650 mmHg, while, there iz a pressure drop to 550 mmHg at
35 mm distance. At the impeller region, there are two
pressure peaks first one is 700 mmHg at 40 mm, while
second one isthe maximum pressure peak 900 mmHg at
60 mm distance, located exactly at 1.5 mm gap between the
impeller and diffuser blades, which is a very attractive
point for further research work to optimize the gap.
From 60-80 mm the pressure decreased dramatically to
675 mmHg then at the outlet the pressure increased
gradually to reach 760.3 mmHg. Taken as a whole, the
total pressure drop from the inlet to the outlet is
103.5 mmHg. Which is optimal value to realize the best
puimp concett.

Critical areas of shear stress on the fluid: At rotational
speed of 6500 rpm the shear stress detected through the
pump, because at the speed the pump pressure drop is
103.5, which are the best value. At the straighter region
from the inlet to 30 mm distance, the shear stress has the
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Fig 9: 3hear stress distribition and velocity vectors on
the pamgp impeller

lowest walue dbout 0.02 mmH g which is expected due to
statiotaty Hlades of the strad ghier. At the inpeller region
from 30-40 mm, the shear stressineressed dramatically to
reach the mavinnam peak 065 mmHg at 40 mm abooat the
first cuatrter of the impeller, thiz iz due to the transfer
junction from flow within stationary blades of the
straighter to the flow within mowvable blades of the
impeller. From 40-70 mm the shear stress dropped
gradually from 0.65-007 mmHg during the rest of the
impeller distance. From T0-20 mam, shear stressinereased
to0.1 mmHg because at the first haf of the diffuser. Hear
the outlet from 30-100 mm the shear stress dropped again
to ke at the lowest walue 002 and wery similar with its
walue at the inlet. Figwe 2 shows the shear stress
distribution along the pump impeller at 6500 rpm.

a4l

Shear stress on the pump impeller and the velbcity
vectors: To avoid the mechanical falwre, shear stress on
the itnpeller is one of the cracial design concerns, Fig. 9
shows the shear stress distribution and velocity vectors
o1 the pom p itnpeller at the rotational speed & K rpm, as
caty be seern most of the body area under shear stress
about 113 mmH g the blue ateas of the graph. Even as, the
base atea of the impeller Wlades under shear stress showt
56 mmHgthe light green areas. Therefore, the maximum
shear stress sbot 11 mmHg applicable to the pump
impeller located exactly at the base areas of the proximal
edges of bothimpeller blades about 31 mm distance from
the pumyp itlet The welocity wectors i toward the
diffisser on the perpendicudar direction to the Wlades upper
side plane.

Flow sireamlines: Flowr streamlines ate lines whete, the
flowr welocity wector is tangett to that lite at atwy poind on
the litie, Also, streamlines defined at a single instant ina
flow donot irdersect. Becanse a fluid particle cannot hawe
two differert welocities at the same poird. Becanse tro
patticles cannot be present at the same location at the
satt e instance of time, Howewer, to display a streamline,
we have to specify ary streamline point, which is a point
the ough, which the trajectory passes and the streamline
dit ecti oy with respect to this poet. I we specifyy forarard
direction then the streamline is displayed starting from
this poirt. If backerard ditection is selected the streanline
is displaved ending at this point. In the presert studsy, we
specified both directions to allow us to display a flow
streamline from the begitwingto the end, passing through
the selected point. Figre 10a show s the flow streamlines
ate passing tlwough the pump and arouwnd its interior
cotmpoterts: st ohter, impeller and diffuser. I ost of the
tutbulent flow and shear stress moay be expected at the
irmer components gape at junctions and the interaction
between the movable and stati onary parts or walls. In the
present studwy, the impeller iz the only movable part.
When streamlines enter the pump inlet at the straighter
region all the flow streamlines rian together paraflel the
sttai ghter blades and case wall Figure 10b shows
etilatgement three dimensiond -Aew of the flow
streamlines around the itnpeller. The flow stream lines can
be seen moate cdeatlyin Fig 100 as can be seen most of the
streamlities run forwardly and divided into bro main
grovgps aswe named them: v-group and B-group. ¥ -group
runs in the cearance between the case wall and the
impeller Wlades. The fhud particles inthis case take
the shortest ways to pass through the pomp. Therefore,
yogrovp will be applied for the shortest time exposure.
Based on this v-group will be applicable for less shear
stress. Wldle, Pgroup ransin the helical chantiels of the
upper and lower blade faces and parallel to the impeller
blades The fluid particlesinthis case take long ways to



Fig 10: Flow stream lines

pass through the pump. Howewer, in fact we have to
mirdmize the flow of ¢ -group streamlines in the parallel
ditection to iherease the pamyp efficlency this catbe done
by muinimize the clearance between the impeller Hades and
the caze. While, B growp will be applied for longest titme
ex posate, based on this even if the shear stress dong the
streath lines of both groups the satme walue, B group will
be applicable for titme exposare longer than v-group.
Figure 10d and e show both y-group and Bgroup of the
flow streamlines passing the diffuser region At the first
guatter of the diffuser, both growps became together in
the same directicn. The flow direction of all streamlines
become parallel to the stationary diffuser blades tell the
streatnlines leave the pamp ootlet.

Outlet pressure: Located at the diffuser region shown in
Fig 114a, thefluidexitfrom the prmp outlet in form of unit
axial vortex.

Maximum pressure: Located bebween the impeller and
the diffuser region, shown in Fig 11b where, the fluid
leaves the impeller regionto the diffuser.
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Fig 11: Critical fluid flow areas. @ Outlet presswe, W)
Dlaximoan pressure, ©) Marimum shear pressure
and ) Stagnation point

Maximum shear siress: Located bebween the straighter
atid] the impeller region showninFig 11c at the beginning
of the suctionreg o,

Stagnation: Located a the fromt tips of the straighter
body and straighter At these poirts shear stress and
velocity expected to be mimimam gt stagnation in the
blood pumps not desired because, its increase of the
blood th oenbiosis (16).
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CONCLUSION

The maximum pressure peak 900 mmHg on the fluid
located at 60 mm distance, located exactly at a gap
between the impeller and diffuser blades. Shear stress and
maximum pressure on the fluid located reach their lnghest
values around the impeller about 35-75 mm distance from
the pump mlet. Maximum shear stress, pressure drop and
shear stress on the impeller have a direct correlation with
rotational speed. Maximum shear stress on the impeller
occurs at the base of the proximal edges of the impeller
blades about 31 mm distance from the pump inlet. Flow
streamlines behave differently as 2 groups in the impeller
region about 30-60 mm distance from the pump inlet due
to the clearance between the blades and the case of the
pummp.

Current research is undergoing to measure the
performance of the scale model of the pump. Particle
imaging velocimetry will be used to verify the flow
characteristics. The current design will undergo
optimization of the impeller blade, clearance, angular
curvature and blades thickness.
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