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Abgteact: {n ag effort o impgrove and sutomale the Puid
dyraatie desipn of rotary blood pumps. a coupled com-
prational Aated dypamics {TFR shape apbimization
meathodelogy kas bezn developed and inplemented. This
program eouples a Auite sloment Fow simuistion with &
gradent-based optimization rouine 0 mohfy sytomatic
catly the sbape of an mitial candidate blood path, accord-
ing Lo s varioty of desired Jaid dynemic critera. inchuding
shHear stresy, vortichtyiciroybation, and viscous dissipa-
tipn, Prefiymingry cesuofs have lod 10 both niumtive aod
pereipptLt it ve (pansformations of the initial bleod fow

paths for both ternat andg exernad flows, This applica-
tion of computer design opeimization offers the abitity o
expbore o reich beoader desipgn space much more effi-
clentiy than would be possibie with traditionsd parimeric
rruerirds . I 1% bedinved] that this CompiEer toof £an assist
devatopars of rotary bood puings in desigoing bMood.
wellyd components thal penimize thrombosis and hemo-
Pygid while simulsaneausiy providing maximum flaow
serfortrance.  Key Words: Comgsuitationasl fuwd dvisam-
Ws——fdesiam optimdzation-—Shape optimization—Blood
trauma-—Artificial organs—hathematicnl models,

The desire Lo develop s rotary blood pump that
simultaneousty satisfies the competing reguire-
ments of satisfactory hydrodynamic performanse,
minimal shear versus exposure Hme. minimat acesel-
erasion forces, absence of cavitation, acceptable
physical size, and maximuam efficiency loads to a
chalienging problem in design optimization. The
camventional design process wsed in biood pump
development has traditionaly relied heavily ot
parametric empirical analyses and trialand-crroe
methods. The process of fine tuning many design
pararmmetens is A thne-intensive and Ishorious pro-
cess, and the successes achioved o daze imdesd
begsr testimony o the ingesuity and persistence of
the inpovators in this feld, However, future efforts
io redesign these devices or to develop new devices
For differeny applications will necessitate repetition
of the entire arduous empirical process, In addition
to its cost and inefficiency, this approach cannot
grarantee the best possible finaf design,
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Advapced computational methods, sush 25 com-
prutational fwid dynemies (CFD), offer an opportu-
oily 4o pactiafly facilitate this design process. They
cen permt novel concepiuat designs 10 be explored
and evaivated pror o cxpensive prototyping and i
vitre testing. However, for these technicues to re
ceive practical application as & degign too! in the
early stages of blood pump development. further
advances will be neaded on at least thiree ey fronts:
improved madels to dascribe the governing physics
of tleod Jow, Improved criteria for relatimg the bulk
pheromena of serformance and bocompatibility to
the microscopic festures of the flow, and aulomated
atgonthms for updating and refiming the desigs
based on microflow features identified {1.2) The
focus of the curvent work is 0 address these re.
guirements by soupling computerized numerical
optimization with CFD analvsis into an integrated
How optimization methodology.

Reasearch in zerodynamic design has been simi-
tarly motivated {o couple CFD with npmerical op.
timization o supplemesnt empivics] design fe.g.,
items one and two tom the above Hstd, thus par-
tially automating the design process. The extansion
of this concept 3¢ Mood flow, however, has ver o



be accomplizhed. This paper describes the initiat
development and implemeniation of such 2 coupled
methodology, specificaily intended to evolve flow-
optimized blood-wetted components of rotary
btood pumps. This program integrates a finite ele-
rreret Flow simulation with g pradient-based optiss-
Zation routine to modify automatically the shape of
initial condidate biood paths, according lo a desiyed
index of performance. or “objgctive function.™
This program provides the option for selecting com-
binations of objective functions from a variety of
flaid dynamic paramelers which may directly and
indirecdy cause Mood damage. sech as sheat stress,
vorticitvicircujation, and viscous dissipalicn.

MATERIALS AND METHODS

Formulation of the optimization problem

The gensral apphcation of & chgorous theory of
mathamaticsl onlimizeiicn 1o the destgn of & rotary
higod putny system reguives the ideptification of the
fotlowing ingredients: an sppeopriate index of per-
formance, or oijeckive function''; & set of design
parameters that define the design; & mathempazical
model, or sirmulation, to predict performance for a
given set of parameters; amd 2 means for adjusting
the parameiers to improve the performance.,

This gencral description of the problem may on
compass a wide range of featires of the blood pump
design, The concentration of this current study,
however, is restricted 10 the aptenization of the
shape, or geometry, of & flow path o minimizg
Biood cell trawma and thrombosis, Accordingly, the
chotce of objective function, design parameters,
and system model most be chosen to reflect these
airms . These are desoribed in the following sections,

CHejzoive function sefection

Bt is generally sccepled that the critical fow-
related concerns in rotary pump design are 1o thax-
imize hydrodynamic performance while avoiding
adverse treatment of the blood ¢lements, Serendip-
ilously, flow featires tesponsible for biocompatibil-
ity should alse promate good hydrodynamic perfor.
mange, However, the converse 5 nol necessarlty
true (3

MNamerous basic experimentat studies have dem-
onsteated that high stress lavels can resuit in direct
or deinpved destuction of blood cells (47}, Az a
result, fow conditions leading to wrbulence, jet for-
mstion, cavitation, emd rapid acceleration should be

avoided. Additionaliv, regions of retarded fiovee.

gones of recircufation and stagnation—have been
demonstrated to bear sirong corrsiztion with the
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tdeposition of blood elements within prosthetio de-
vices (8,9, The combination of elevated shear fol-
lowed by separated flow delivers a particularly per-
nicions Uons-two puneh™ {10Y with respee! to
thrombus formation. In such flow Selds, platelets
are sotivated by shear exposure and subseguently
introduced into a low shear environment in which
they are free to form platelet segregates or attach to
adsorbed profeins on the biomarerial surface. Re-
chrvulation zones or wakes following o fow separa-
tion podnt {e.g., at the trailing adge of an impeifer
nlade) can further exacerbate blood damage and
thrombosis since cells entrapped within them may
b axpased to higher concenfrations of platelst ag-
onists for extended periexds.

Bascd on this collective evidence, it can be sur-
mised that design optimization of #Mood-weited
companents should seek o minimize shear siress
versins exposire time, boundary layer separation
teading to rones of 2lagnation and recirotdalion. e
bubesee, excessive particle accelerations. and neg-
ative pressures leading (o savitagon. [n the gurrent
work. three principal fluid dynamie objectve func.
Hons wers ipvestigated that may directhy or indi-
rectly retate to these adverse phesomena, These are
integral of principal shear stress gver the domesin, £

fr= | dV ()
ipterral of vorticiny mngnitude
fzﬂLEI?KvéldV {7

and index of viscous energy dissipation rate;

1
fi=®= [ sDDav o

Here, v i5 the vector quantity representing the three
components of velocitv, and £ is the strain e
tensor equal to Wprad v + fgrad )7L The iatter
itepral quantity represents the viscous shargy dis
stpated gver the domain of the fow field! thes,
directhy relates to ¢fficiency and indirectly retates o
viseous healing, both undesirable conditions with
respect 10 blood damage. The funchon imvolving
vorticity is intended Lo indiregtly indicate the pres-
ence and mapnitude of any recircubation bubbles
thal may be present in the flow. The integral of
shear is considersd as a more direct indicator of
global blood damage, but it is likely o preferres-
tibly reflect Aow within boundary layers or “hot
spots” within the Aow fieid, Each of these abjective
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functions was studied mdependently, noemaiized o
the area or volume of the domain, and i linear
combtnation.

Sysrem modetudTFTY solver

For the purpases of this mitial shndy, the fow of
Blood was dassumed o be governed by the mcom-
pressible Navier-3Stokes and conservation of mass
equations:

Pe g i
P T ER {p) A div(Tpdd)
diviv = £

Here, pis the fluid density {1,083 gloc), and | @5 the
fuit viscosity, The latter is characterized for nor-
mal hlood by an asvinplotic viscosity, u eguals w.,
equals 3.3 oPs, Use of this equation assumes that
blood can be treated s o single-phase homogeneous
Hrearty viscous ek,

Singe the flow equations defiped over complex
passapes by poally found within rotary Blood pamps
do oot rexdiby lend themsealves 1o a closed-form so-
lition, a numedcal approximation of the flow felkd
was soupht, thus enabliing caloulation of the dijec.
tive Functions. A Galerikan finite-slement program.
talored Lo shape optimization. was wnitten foe this
pearpose {11 This program uses guadratic vetocity.
linear pressure elemenis within a mixed farmuolation
of the steady eguations: these ¢lements are known
to b sizble and produce approximations of optimal
order. The resuiong noniinear alpebraic syytem iy
sojved by 2 Nawtan-coniinuaiion method, Anbabyvii.
cal gradients of the objective funciion are computaed
wsing a direct differentistion method.

Ogideizalion Sraegy

The guiding procedure used (o mc;daf} tiwe design
based on the evaluation of the objeciive function,
b, to determibee the next move™” i the design
spaoae can be selectad from saveral families of avail-
able algonthms (12). Metheds that do aot explicitly
require the gradient of the objective fuaction or
constraints, so-called '"direct search™ methods,
were ariginally eppiied to this problem,. These ware
fater replaced by two different gradient-based meth-
odg that were found 1o be muach more efficient a
mathod of feasibie divections {13) and a soquential
guadratic programming algorithm {12}, Unlike di-
rect search methods which rely on enumeration of
the design ipacs. these gradient-based algorithms
reguire, and exploin. estimates of the Eocal derva-
tives angd curvatures of 1he design space, {e.. the
“sansitivity T of the olyective funciion to the design
variabios. Although these sensitivities asre com-

moniy ebiained by fintte Gifferences, this approach
would be fur too rime-conseming for shape optimi-
zation of compiex shapes found in rofary pumps.
Therefore, these desien sensitivities were faund by
analytical ditferentiation of the flow equation at lit-
the addittonal cost bevond the flow stesulation ()

The outline of the gverall shape optimizanon pro-
gramy is depicted schematically in Fig. }. An Inital
geometry is provided o the CFD solver in paramet-
Ac form. The resufting Sow feld §s interprated
termes of the obiective functions. which in furn re
flect the desired design criteria. If the optimat cons
ditions are not satisfied. the design parsmetars are
updated secording to the optimizaton procedurs,
with the assistance of the design sensivviges. The
process 15 repoated unbl an omimal geometry ks
regched,

Specific cases studied

Due to the difficulty of sodving the rge nonlinear
optimizaiion problem of g fully three-dimeasieaal
Impeiier pump, (he shape optimization algorithm
was igitiafly applisd (o two simplified geometries!
internal flow within a two-dimensionaf channsl and
exteensl flow agver 2 pericdic biade cascade,

Two-dimensional Aow channel
A representative flow path within a rotary hiood
prmyp invobves the shanoeling of bleod through a
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prescribed angle. A simple example would be How
within the inlet or oather cannulas. Such a flow ge-
ometey was modeled in this study by a constant
width turning passsge. The centerline of the chan-
net was parameterized in polar coordinates by a
cOsine seriey

B = roos{2f) + roos{dde L L 4

through a totat angle of 9% with a total of ¥ param-
afors, This domain was discretized by an unstruc
tped moesh consisting of approximataly 1,008 ¢le-
menis. The eads of this chanae! were allowed o an
unstructured shide bt were constrained o s masxk
muse distance from the origin. A parabolic velooity
distribution was assumed a8 the channel enirange
with a mean velocity corresponding to 2 Reynolds
pumberof | £00. The exjt was prescribed to be trac-
tigms-free,

The coupled CFD-optimization program was im-
slemented for this problem wsing o Dipital 300-400
{ Alpha) workstation equipped with {28 Mb of mem-
ory. For esch design iteration, the fow solution of
the previgus shape was bsed as an imtal guess for
the subseguen: scolution. Al & availabie functions
were testad independently for these simulations 1o
svaluste the influsnce of objeczive function on the
oplirized geometry,

Starer Made castads

A second series of optimization studies was con-
ducted which considered the flow between a cas-
sade of statar blades, or airfeils. This problemsm was
chpsen to represent the design task of selecling
ade shape and separation (hescs number of
blacdes) to achieve the menimal visecous dissipation
for a4 grven fow defloction.

Enmie to the increased complexity of this geometry,
a Berier-Bernsteln parameterization was adopted
1o desoribe the Bade shapes (15 and the domain
was discretized using an adaptive unsiructsred grid
geserator, The mesh nodes wore clustered near the
surface to beffer resolve viscous effects, such as
boundwry lavers and separabion points. A total of 16
shape paramelers was used for this geomelry. cot-
sisting of 14 Beyier controf points and I additional
parameter and the separation distance defining the
stagger angle. The former essentially gorrespond to
base profiie and cambedine of the blade shape
whereas the latter provides controf of the rigid body
motion of the blades within the cascade.

H owas assimed that the enteance {low distribu-
tion was uniform and inclined at an angle of 457, The
outflow was likewise uniform bt horizoniad with
respect to the domain doundary. A periodi; bound-
ary comdition was imposad o simulate an infinite,

ar pertodic, row of Bades, An sdditionat constraint
was imposed o provent the cross-sectional ares of
the binde from decreasing below 30% of its indtial
ATEE,

The flow simuistion used for this case experiment
was performed &t a Reynolds nomber of 141, and
the entire optimizalion experiment was conducted
or a Sun SPARCSGaton H workstation.

RESULTS

Flow channel

Several numencal optimizasion experisnents were
conducted with the flow channel to evaluate the
effect of mitial shape, number of design variables.
znd constraints, Reynoldds nuember. and choice of
objective function, The evolwtion of the geometry
for the case of munimizing scaled viscous dissipa-
von of 3 Reynolds nomber of 1000 t5 shown in Fig.
2. The optimizer is observed (o improve the (nitial
shape by first increasing the radius of curvature of
the bend then by One tuning the parameters to
smooth the Aow profile. The poorly designed elbow
was thus evobved toward a cardicid shape, having a
barzer radiug atb inflow with a gradustly decreasing
radivs of curvatere toward the autflow, The iarpe
racircilation bubbles aad flow coarciation presant
in the initial albow were virtually eliminated as a
resudt, This represergative case demonstrated a re-
duction in the viscous dissipaiion index of 63%
ffrom 333 10 HLT) in relatively fow {(14) iterations,
it wes found that minimsiration of scaled viscous
dissipalion resulted in congomitant reductions in
the spbordinate oboctive functions, Bsted in Table 1.

Comparison of the effect of objective Function se-
lagtipe revesied thai ail three unscajed functions
reslited in simidar shapes. These shapes were dif-
ferent, however, feom the area-sealed group. Whesn
minimizing any of the unscaled objectives, the op-
tirmizer lended to prodece eelatively straight pas
sages with curved ends. favoring minimization of
the area, By contrast, when sesking 1o optimize the
woezted olyectives, the opthmizer ¢xpresses a prefar
ence to mimimize the fow features primartby re-
sponsible for the flow disturbance, thus producing
srmoother shaped passages.

The total time required to perform these optimis
zation procedures deponded upon the optimization
atgorithm usad and the particuslar conditions of the
probiem, such as the nomber of variables and cons
straimis. Becauss of the efficiency of the coupled
CFDvoptieniration algopiihe employed | the average
aptimizalion run took approximately 4 h on the
BEC Alpha workstastion—only 16 fimes longer than
the time required for & siaghe CFD simulstion,

Arny GArpara . Yol 19 N FIeEE



aiz JEF ANTARY ET AL,

ST T TR

AN B B A M

Eoctogohnsdiond ot L dreba b5k

i bt

" T ..[':;lll:

O T 2

Loooorod 1 b 5otk b 5 &

Fi. 2. The design evalution af 8 987 ¢hannel is shown: infial & shape; b intermediste iterations. d: eptimize

incticate particle traces.

Blade cascade

Figares 3a—« displays the initisl. intermedizte,
and optimized shapes for the Laear row of cascade
Blades., The flow-field computed about the imjtal
Blade design (a symmetric NACA-DGEL profile)
demonstrates strong veloacity shear layers which en-
velop a targe repion of recirculation on the upper
surface following the separation point at the keading
edge. To maintain global mass continuity, 2 jet-like
fiow ensues in the mdregion between the blades,

Within six iierations, the optimizer effacted 2 d
matc improvemsens i the saseads How by decrs
ing the biade separation-to-chord ratie, thinning
blade profile, slighely sorning the biades toward
incident fiow, and adding camber to the profike. 7}
separation-{o-chord ratio was aliered awver ¥
(From 1.3 1o O.78) and was found to have the m
dramatic effect epon the reduction of the flow s
uention and attendant viscous digsination. Althey
the incident Made angle was expected to align



FLOW OPTIMIZATION OGF BLOOL MUty v, .

3 deswgn gvolution of the Diade cascads is shows: a; intiph geen (NAGADDTZ wirfpi); B intermediate shans; ¢

e
stk the flow, & final staggoer angle of - 4.6° mance indioes, it woeld be projbitively costly an
wl b optimally satisfy the horizontal out- tine-intensive to axplore alf the combinations an
sstraint. The oross-sectional area of the permutatigns of the possible design variables,
as reduced 3539 in the fipal geomeiry. The Fraditionzi analysis methods. such as the Byl
srease i the area-scaled global viseous dis- prrng theary, may be able to provide partiaf insig
funcion (the obiective function for this intor how some of these variables, soch oy biad
as 149 (from 6.9963 (o &.0663), The com- deRactinn and rowr Nip spesd, affect performear
prmuratior regueired stighity undec 1 b of {1415}, Unfortunately, these theories are nol ve
ma o the Sun EPARCSmton 18 worksa- usefud in prediciing how these variabies wiili
fluence biood traume. Indeed, experience !
i . showt that many desigh parametens must be de
DISCUSSION mined throstgh ap empirical parametric a;‘:{:-mg
pursuit of an optimum configuration of an I AR
er hiood pump invelves the manipulation of Recent advances in flow apalysis toods, suel
o design paramaters, argaably mwore than high-resolution flow viscalization and comp
wnan designer can manage =t one time. These Honal fuld dyasamics (0PI, offeran {}pponuni;
e inpeller spesd, hub profile, rotor and stator reveast the underlying microfiow fenfures resp
15, chord/separation catic (thus. number of Ble {or salisfaciory performance and biocompa;
s, hiade height. blade base profile, camberiine #Hy. Lonseguently, these tools are ativacon
mding angle of incidenca and deflectiog anglel, creased atteniion in rotary bBlood pump ane
earynce, and biade twist. Becavuse of the strong (5923 Existing CFD software, howaver, sti
ding betwesn the design criteria and perfor. cgates the dosignar 0 altering the design var£

TABLE L. Offective fanction values for design oprimization of % charne!
gecording o stiaimm viscous $issipacon index, 7
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manusify, trading between competitive objectives,
In other words, CFD analysis zfone cannot makes
destprny decisions and canpol execuic the necessary
design modifieations required to alteviate undesir-
able fow conditions.

The algorvithem described ik the current paper rap-
resents an atlempt to improve the wtility of CFL
analysis n the design process. By couphng the ver
satifity of CFD with efficient optimization methods,
it has become possible fo revise actomatically the
design varizbles agcording 1o specified critevia of
the predicted fow. This allows the design process
10 be initisted with a concaptual flow path, motl-
vated by tntuition or fdrst-order analysis, for exam-
plie. The CFD-optimizer wil] then evolve this inftial
design-—used on the fuidd dymamic charadteristics
relevant o bood trauma,

Brogpite the simpiifications made in the (est prob-
lems stuckied, these prodlems relain many of the
feaiyres and the mathematical structure as the gen-
aral prodlent, thus providizg losight into sojution
properties, sensitivity of the optimum Lo varous
probiem dats, influence of different obisstive fune-
tions, performance of slgorithms. ate. The resuity
obtainsd with the turning channel problem success-
fidly demansimaied the fundamente! capabilitjes of
the shape optimization aklgorithm to svolve a stpe-
rior, flow-optimized. blood path from an initialiy
poor aviginal design. n af chanpel gases studied,
the inferice initizf shape was rapidly modified to
reduce the level of dissipation, vortcity. and shaar.
While the optimizer often converged upon geome-
tries that were prodicted ipmbtively, in some cases
unexpecied resuits were generated. Ths demon-
sirated the ability of the optimizer to strike o bal-
ance between competing design obfeciives, such as
HUTHLT BRER VErsus minimwy shear,

The converged optimum desipn depends upon the
objective function specified o the optimizer. The
altirate objective in blood pump design 95 o max-
tmize porformance while avoiding flow conditions
leading to blood mrauma and depositon. In an al
Eemnyr (4 interpret these critera in terms of the flaid
dynamics, several candidarte obfecrive functions
were independentty studied, Although not exhaus-
tive, these results demonstrated thet relatively
Yamonth' fow patterns coukd be achieved by min-
imizing any of the objective Bunctions studied: vis
gy dissipation, vortichy, o shear. MNormalizing
these objechives with respect to ares resuited in
more favorabie optimized shapes.

The stator blade cascade optimization sxperi-
men, aitheugh simplificd (o two dimensions, pro-
vides insight toward the ubigquitous problem of ge-

lecting blade spacing and number. As the nurrber of
blades increases. and the separaton/chord ratio de-
creases, more guidance is given 1o the How. Thes
the likelihaod for flow separation is reduced. At the
same time, however, more blades resull in in-
creased skin friction. The optimum chotos of blade
mmber, therefore, would be that which bafapces
these two contending design goals, By minimizing
viscous dissipation, the numerical optimization ak-
gorithm was able to achieve this balance, resulting
in virtual ehmination of boundary laver separation,
Comseguentfy, the likelihood for cell trmuma and
blood element deposition will be dramatically re-
duced.

When considering the compuiatonal Fow eptimi.
sation of 3 complete blood pume. additional obiec-
tive functions will become increasingly important,
such as overafl size, hydrodynamic (H-Q perfor
mance, power ¢onsuwmption, eic. Further con-
siratits will afso have to be factored inte the design
probiems, such as manufacturabibity, strectural in-
tegrity, rotordynamics. eto. Addiional fuid dy-
namic criteris will slso e explored, including indi-
cas of flow reversal and adverse pressure gradiest
leading, for example, to cavitaton zond separation.
Experimental validalion studies ander way will help
gstizmaie the error associated with the assumpiions
and simplificazions introduced in the curvent model
and will suppgest areas of improavernent for further
refinement. The utibty and performance of this al
gorithm will also benefit from future improvements
in hemorrheological modeling. such as cell travmy
criteria that accounl For fme.warying shear hisiory
and constitutive madels that incorporate non-MNew-
tirmian effecis of shear thisning, viscoelasdcity, and
arsclropy.

The major challenges In extrapoiating the ourrent
methodology 1o thres dimensions are in the parsn
stenzation of three-dimensionsl shapes, such as im-
pellers and voluiss, and in the accommodation of
the iarpe.scale nature of the optimization problem.
It is snticipated that the former will be addressed
through the appiication of parametric constrictive
soitd geometry softwars. The steadily Increasing
egmpraier power and availabiliny of massively par
allel supercompulers provides promise for attaining
the latter goaj (J4)

It is haped that the application of sutomated JFD
optismization 10 rotary docd pump design witl allow
increased gttention o microflow criteriz earlier in
the design oyclewnot only for schieving satisfac-
tory rexuits. bul alse for saving dme and expense
associnied with making changes dowsiream in the
desigh process.
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