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A variety of impa irment and diseases require the implanta tion of mechanical 
elements in t he circulatory ~yste 1 11 . The ones most d iffi cult to de~ ign are art ificia l 
valves a nd a rti ficial blood-pumps. Blood can be considered as a ewtonian Auid 
under certain cond it ions. Tht' greatest p roblem is caused by t he tendency of 
the blood to form solid par t icles, called clots. Such clots a re genera ted t hrough 
the interaction of three qua li t ies: of blood. of the wall , and fi na lly of the Aow. 
The la tter is the one t he Auiddynamicist can actively influence by avoid ing flow 
eparations. T hese are experimentally and numerically invest iga ted and exam ples 

for unfavourable and for favourable designs are given. 

l<ey words: Blood flow, flow sepm-ation. al"tljicial valves, thmmbus generation 

1. Introduction 

A variety of impairmenLs a nd disea ·es requir t he implanta tion of mechan­

ical e lements in the circula tory system . T he ones most d iffi cult to design a rc 

a r t ificial valves and ar t ificial blood-pumps. T he greatest d ifficulty arises, in 

t ha t t here is no materia l which can t ruly mimic the inner wall of the circu­

la tory system . T his wa ll is covered with specia lized cells- the endotheliu m. 

Unimaginable for the engineer . each of the cells conta ins a flow sensor. which 

senses the shear stres of the flow. The cell orients itself to the flow, it give 

a signa l- ni t ric oxide to t he pla telet · to calm down and not to adhere Ill­
This wonderful mechanism is absent when a r t ificial materia ls a rc used , such 

as m etals, polymers . ceralllics. py roli tic carbon or others. T he engineer has 
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to try to create a good design which avoids just th is s tall and lowers shear 

stress . Ile will not come up with a valve that is as good as a healthy one. but 

one which is better than t he cli ·cased valve. The same is true. however to 

a much lesser degree. for the a rtific ia l blood pumps which have t he objective 

to assist or even to replac0 the nat ural heart. 

2. Blood as a Newtonian Fluid 

Newton ·s famous formula (Fig. 1) combines the shear-sl rcss of a fluicl with 

the shear rat e. Consequently. all fiuicb behaving according to this formula 

a re called Tewton ian fluids. But is blood such a fiuicl ? !ore than -10 % of 

it cousists of cells, which a t times accumul ate to form ·'rouleaux" (Fig . 2) . 

These rolls cling together a nd at low shear rates the blood even resembles 

a solid. \Vhen s lwared. blood becomes less viscous. a nd at high shear rates 

it behaves as a Newtonian fluid. 

"C = 11·"1 

F1C:l'11E 1. l cwton's insight his ingeniously simplr formula enables u" to cozn­

putc most technical flows. Is it applicablc to tlw special fluid. blood? 

fn the body. the blood is subjected lo quit e high shear-s tress (Fig. 3) . Jn 

the capi lla ries of various spec ies. including humaus. we 0ncounter wall shear 

rates of up to ten thousand 1 s. fn the vena cava. which is the cent ra l \·esse! 

with the s lowest blood fiow. we ·till encounter a wall shear rate of about 

501 s . Above the point where this wal l hear rate is reacl1ed . blood behaves 

as a cwtonian flu id 121. At lower shear rates rouleaux form at ion can be 

obsHved. Typical ly. t hey lake between ten to sixty seconds lo form. l:;r·om this 

follows t ha t Newton 's formula can be applied to a ll practical computations. 
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FIGURE 2. When not in 111otion, red blood cells attach to each other a nd form 
rouleaux . Blood becomes more viscous; a lmost a fragile solid . 
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FIGURE 3. Blood becomes a non Newtonian fluid if it has 10 to 60 seconds to rest 
in a low shear rate zone. llowever, with in the healthy body no such zone exists, 
as shown in the graph on the right side. T he ordinate here denotes t he position 
of the vessel in the body, 1151. 

3. The R ole of Flow Separations 

137 

Only under pa thological flow cond it ions is the time necessary for rouleaux 

formation g iven. An example of uch flow condition arc flow separat ions. For 

instance, the flow over an air foil (Fig. 4) separates, as shown by Prandt l in his 

flow visualization experiments. In t he case of an a ir foil, the flow separation 
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FiG L' RE 4 . J\ tlachcd fl ow around an a ir foil a nd flow sepa ra tion a t a higher a ngle 
of allack. as shown in P randl l's famous fl ow visua lization expprint<'nls. The right 

side shows a diagram mat ie cross sect ion th rough a Aow separat ion. 

results in the loss of lift a nd may induce the a irplanc lo crash. cansing m a ny 

fatalit ies. 

J n the blood strcaul. flow separat ions also occur. They a rc not necessarily 

fa taL but if they endure. arc dangerous to t he pa tient . A schema! ic diagram 

of a flow separa tion can he ::;cen in Fig . .J (right s ick•) . At t he stagnation point 

the flow detaches an cl a separation hu bblc may form. v\"i thin the sepa ration 

bu bblc the blood circula tes slowly. rouleaux forma tion may take place, a nd 

in addition. platelt'ts a rc able to aggregate in the ,·icinit y of t he stagnation 

point . These adhered platelets emit t hromboact ive subsUu1ces. which cause 

more platelets to be attracted until a thro111bus is finall y formed . 

I u this wa.\'. n connection bet ween the flow of blood and thrombus gen­

eration may he observed. This was fir ::;t observed by the eminent pa th ologist 

Rudolf Virchow. who published his fi ndings a::; early as 1856 131 , sec F ig. 5. 

During his ma n\· post-mortem ·. he observed thrombi a nd a thero ·clcro tic a l­

terations of t he Yessel wa ll a t specific locations, especia lly a t bifurcations. 

\Vhen a blood vessel bifurcates tile blood velocity is clccrea8ccl and in many 

cases flow separation occurs natura lly. As new studies have shown , persis­

tent low shear stress a t the \'Csscl wa ll modifies the endothelia l cell layer. 

which tran, forms iuto smooth muscle cells and lipids I.JI. In t his wa.v. fatty 

s treaks dew lop which a rc the precursor of the atherosclerot ic plugs which 
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Virchow·-. Triad 

BLOOD 

/"' WALL _ .. _______ FLOW 

FIC:l'H I·: 5. Virchow's triad shows a functional connection between the qualities 

of the blood, thc vessel wall and the now. 

139 

were observed by Virchow. Intuitively. he then formulated a triad of three 

ent it ies: 

• quality oft he blood (activated platelets, lipids) 

• qual ity of t he ftow (smooth ftow along the wall. detached flow) 

• q uality of the wall (healthy endot helia l cells. atherosclerotic plugs, ar­

t ificial material ) 

F igure 6 shows sontc examples: atherosclerotic lesions 011 the inner side 

of t he aorta and a thrombus at the metal ring of an artificia l cardiac valve. 

Virchow's Triad 

T hrombus formation Atherosclerosis 

FIGl' IH : 6. The result of a mis111atch of blood. wall and now: a thrombu at au 

artificial valve and a clcgcneralion of the mlt mal aortic wall. 
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The artificial materials which are at our disposal arc all far inferior com­
pared to the endothelial cells. All artificial materials may be considered 

thrombogenic. However there arc materials which arc a compromise bctwccn 

an artificial and the natural vessel wall. These materials arc bioprosthctic 
materials, of which one example is the pericardium. This material is slightly 
cross-linked. It loses its immunological properties, but retains man_v mechan­

ical properties. In that way, the tissue from a different species, for example 
the cow, may be harvested and sutured into a cardiac valve for a human. 
These valves do not require anticoagulants, and arc therefore implanted in 
high numbers [5[. 

4. Flow Through Valves 

Virchow·s analysis indicates that there must be a delicate balance of the 

three above mentioned qualities. A thrombus can form if the quality of the 
flow is disturbed. as shown in Fig. 7. It shows a large thrombus at the edge 
of a bioprosthetic valve that had been used in a ventricular assist device [6]. 

A cross-section of a CFD (computational fluid dynamics) simulation shows 
an area of very slow blood flow iu the sinuses of the valve duct. 

[m/s] 

0.0 

FrGt 'HE 7. A thromhus at lhr sinus of a pNicardial valve for a VAD (left). The 
cross-sectiou of a CFD simulation (right) shows a low velocity in the siuus. 

The frequent occurrence oft hrombi in artificial heart valvcs was the rea­
son to design and build a special flow channcl. This flow channel uses, at 
a ten t imcs enlarged scale, a I3jork-Shilcy valw, which had previously been 

transformed into a model with a 200 nun diameter. cc Fig. . The advan­
tage of this up scaling kPeping the Rcynolds number similarity is that the 
velocities arc greatly reduced aud the flow fidel is larger. Fine details of the 
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FIGURE 8. An enlarged model of thC' 13jiirk-Shil<•y valve b shown and con1pared 
to lhe or iginal. 

How arc revealed. A schematic diagram is shown in Fig. 9. The fluid, water , is 

driven by a computer controlled axial flow pump which simulates the phys­

iological aortic flow curve. The total volume is 600 liters. A whole cardiac 

cycle lasts sevC'ral miuutes and the fluid \'docities arc below tcu ccntimctcrs 

pN second, which is a precondition for effcctiw flow visualization 17. 81. 

I I 2 3 4 5 6 

// 

7 

3.5 m 

F'IC:l'RE !). \Vater tumwl for 10: l sndPd up nd\'l' n1odels. Th<· flow is non­
stationary, kC'Pps the H<•vnolds-numher similarity and a;; a result is very ~low. The 
time expansion is about 200 fold. l.lank. 2. piston. ;t contraction. l. test \·alvc . 

. ). observation tank, 6. aortic root, 7. rPt mn duct, H. axial flow pump, !J. motor, 

I 0. displacC'mC'nt transducPr, 11. g<'ar. 
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To visualize t he flow through the heart valve, the water within the model 
of t he aortic root is mixed with dye and illuminated with a light beet. When 
the systolic Aow is ini t iated , water enters the aortic valve and appears black. 
It more or less displaces the dyed water and makes t he flow visible. Figure 10 

shows a model of a t ri-leaflet valve and Fig. J 1 flow through such a valve. 
T he entering flow form · a central jet, which barely mixe wi th the fluid in 
the aortic root. T he fluid in the vicinity of the valve ring is not mixed at 
a ll. T he flow simulates the blood Aow through the valve ·hown in Fig. 7. and 
thus gives an explanation for the large thrombus. Figure 12 shows the flow 

through a Bjork-Shiley valve. After opening, a flow separation is formed at 
the t railing edge of the occluder. One side of the valve ring is well rin ed- it 
appears completely black- while the flow is stagnant on the upper side. As 

a resul t a thrombus generation is likely at th is site, and in fact the t hrombus 
in Fig. 6 is exactly in this region. Figure 13 shows yet another valvc~the 

St. Jude valve. It is a bi-lcaflet valve with two occluders, which open like 
double-doors. The light sheet is parallel to the door axis and cuts through 
t he middle of the flow channel. A turbulent jet is formed. However, a slow 
rin ·ing of t he valve ring is also observed here. 

F'I GURE 10. 10:1 model of a polyurethane tri-leaflet valve 
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FIGUR8 11. 10:1 model of a tri-lcafl0t valve dmiug various phases of the systolic 
flow. The water in the aortic root is clyecl and appears green. The water from the 
new systole is not dyed and appears black. This makes the washout visible. 

FIGL RE 12. 10:1 model of ( lw Bjork-Shile:v valve. A large flow separatiou appears 
al the trailing edge of the occlndcr. The f111id at the ring remains stationary. 

143 
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FICL'HE t:l. lO:lmodrl of the St . .lud<> wdn•. ,\ tmiJulPnl j<'l forlll~ inlhe middle. 

The fluid at tlw ring n•mains si at icmary. 

5 . New Valve Design 

All of these experiments slmw t ha I. in I hcsc models of artificial heart 

valves, flow separatious arc always prcsc•ut. J:.., it possibl<• to design a valve 

without flow separations? ThP ausm•r Js prolmhlv not: at lc•ast it ha.sn't been 

achicn.•d :vet. The rc>ason for this is that t lw aortic root is a wssel which ads 

as a diffuser. In other words. <l jet enters n diverging n.•ssel. This means I hat 

the flow is dccC'Icratcd, and I h<' press me npst ream is higher I !tall 1 he pressure 

downstrcalll. l n the boundar} layer this has the dl'cct that llt<' How is easily 

reversed aud a flow sepaml ion t ak<~s pit-H'!'. as shown in Fig. 1. 

The sit tial ion with the di,·crging dtanll<'l. hm\-C\'!'r. is Hot Yalid for an 

artificial val\'C' in a ventricnlnr Hssist d<·Yice (VAD). In this c asP the engineer 

has full control 0\'Cr tlw cl<•sign of the chamH•l. 

5.1. S-Valve 

An example of a possibk design. lwrc a dn<'l \\·it h an s-shnpcd centPr lim•. 

is ~hOv\'Jl in Fig. l!. Tbc ohj!'( t i\'(' or this d!'sigu is 1 () HV<Jid a flow ~eparatiou, 

which !llay IH' st'<'ll in Fig. 12. Tit<' ocell!cl!-r OJ) bas a mini1wtl aup,lc of altac·k 
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FtC:l'llJ·; l..l. A schematic diHg,rant of Lite S-Valvc. ObjccLive of Litis design is to 

avoid flow separaLiou at tlw ocrludC'r. 

to the incolll iug, flow. which is laheled with the arrow (5) in the diagram. This 

is also true for the flow at lh(' trailing; edge. For the flow. this connotes an 

accelNat ion in area (8), aucl a decelcrat ion in a rea (7). When the flow reverses 

(Fig;. 14. right) in the first instance. frictiou does not play a role. The stream 

line;, resC'ntblc that of a potential flow. In this wa.y. they attack the occluder 

at an angle and al. ·o initiate the rotatio11 armmd the axis. As a result. it 

wovcs from position (12) to full closure at (4) . Had one placed the occluder 

in a straight duel, the stream lines at tlw initiation of the closure woulcl he 

parallel to the occlndcr in the open position. and the valve' would not close. 

\\'ith t llC' s-shaped duct hO\\'Pver. flow sPparat ion can be avoided. and closure 

tintcs <·otnparablc to the normal 13jork-Shiley valve can be achieved 19.101. 
The design oft he duct with an ot llC'rwisc unchanged Bjork-Shilcy valve 

is ;,hown in Fig. 15. The CFD computation of the flow in an S-Valvc. in 

cotnparison to the Bjork-Shilcy valve in a straight cylindrical duct, is depicted 

in Fig. IG . 

Figure 17 shom; a \' iew of the wall shear stress of the same flow. The wall 

shear ;,tress ha~ very low values near the ring in the cylindrical cluct, as well 

as in a la rge area downstr<'am near the lower wall. In the S- Valve near the 

ring. the wall slH·ar stress is much higher lwcausc the ring is integrated into 

the wall. Al';o, the area of wall shear st r<'ss is rccluccd downstream from the 

occludcr. Figure 1 shows the washout process of the S-Valve in the large 

water channPI. T n accordance' to the CFD studies only smal l flow separations 

appear. 
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FIGURE 15. A view of a CAD model of an S-Valve. For practical purposes, it is 
a Bjork-Shiley valve in a special duct. 

FIGUR8 16. Comparison between the CFD flow field around an occludcr in an 
S-shapcd duct and in a straight duct. 

40.0 Pa 

S-Valve Bjork-Shiley Valve in a 
cylindrical duct 

40.0 Po 

FIGlJR~ 17. A comparison between the 'Vall shear stress of the two different 
arrangements. 
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FIGURE 18. A washout experinwnt of tlu• S-\'ah:e in the large water tunnel. 

These computations were tested in the above mentioned water channel 

in an enlarged 10:1 scale model. Large flow separations an' absent; however. 

small areas of flow separation appear at the uppN and lower walls of the duct 

and on the lower side of th<' ocduder. This occurs during a time span of 30 

seconds (c•ularged model). which corresponds to a real-time of 6 milliseconds 

in the real model. Since 6 millisc'conds comprises of ouly a small section of 

the systolic time of :300 milli:-;econds. a complete washout during this time 

span is achicvrd. 

5.2. Purge Flow Valve 

Yet anothrr idea to incre<u;e the washout is punmrd using tlw valve shown 

in Fig. Hl. It is a mono-lcafkt val\'e with a :-;inu:-; ill]. \\"hen the val\'e opens. 

a part of the main flow impinge:-; on a flo\\' divider. which directs a part of the 

main flow into the sinus. In this way a pmg<' flow is generated which greatly 

reduces the washout time. In a CFD stud~'· shown in Fig. :20. a systematic 

variation of geometric parameters wal-l pc•rfomwd. From 188 pos:-;ible para­

metric combinations. 3-1 were :-;t'iected and studied with the help of CFD 1121. 
The objt'ctiv<' was to minimize the area of low wall shear stre:-;s. Figure 21 

shows all example of the wall shear :-;tress in:-;idc the sinus. }'rom these results. 

-1 valves WNC selC'ctcd. fabricated. and t cstt'd in a dyr washout experimeut . 
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I DEi\: 

Accept flow recirculation, 

but wash out critical 

regions periodically. 
Leaflet Sinus Flaw Divider 

l:::ssMa111=-=Row= · ===Pu=rgdo ~ 
FtGUR8 19. A schemalic cross sectiou of the purge now valve. 

FIGURF: 20. Variation of parameters which ddine a mono-leaflet purge now valve. 

Wall shear stress < < 0,5 Pa 

FIG liRE 21. \Nail shear stress as a function of different parameters. 
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The diagram (Fig. 22) shows that one valve has a faster washout and thus 

has superior qualities in comparison to tlw others. This technology can also 

be applied to a tri-leafl.et valve, as is shown in Fig. 23. 

Systematic variation of geometric parameters 

• 188 possible parametric combinations 

• Design of only 3 1 models (Taguchi method Quality 1Ianagcmcnt) 
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FIC:l 'H f 22. R(.>.'ittlts of wash out exrl<'riments of 1 different valves. 
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FIGL'Ri 2:~. Washout cxpPrim\'lll iu a tri-lcaflel ,·alv<' without (abow) and with 

purgP flow (I>Plow). 

5.3. Ball Valve 

Another valV<' wru; also im·c'stigatcd. which applies a spiH'n' as an occludC'r. 

Such valves we"re developed and implanted in great numbers dming the early 

days of artificial heart valve implantations. Some. aH for instance the Starr­

Edwards valve. were quite succC"ssfuL and worked in some patients for long<'r 

than 25 ypars. Ilowc,,·er. in many patients it did cn'ate a considerable pressur!.' 

drop if the individual anatomy of this patimt did not work well with the 

ball, whid1 in t lie open posit ion protrud!.'s into the aortic root. Thus ail 

individual match of the geometry of the valve and the patient's anatomy 

was a precondition for the success of th<' valve'. As a result of this. different 

nllYe designs comprising of a flat disc instead of a ball were introduc!.'d. An 

example of ::.uch a ,·alve is the Bjork-Shii<'Y valw. which wa~ discussed abow. 

The ball a.'> a blunt body causes quite a resistance and large flow separations 

in its wake. This is true for a ball in au open space and also in a duct with 
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a geometry which is not matched to the ball , as was the case in most of the 

pat ients receiving Starr-Edward::; valve. 

6. F low Through a Ventricular Assist D evice (VAD ) 

However, this situation changes completely if one designs a ball valve 

for a VAD. Instead of the human anatomy, one has full control over the 

geometry of the duct. A ball moving through open space experiences large 

flow separations on the trailing side, because the fluid cannot follow the 

curvature of the ball. The flow beyond the greatest diameter is decelerated , 

thus creating the conditions for the flow separation. However, if a duct can 

be applied , its geometry can be designed so that the flow behind the largest 

diameter i accelerated. The out flow area of t he duct is thus larger than the 

inflow area and the acceleration of the fluid leads to a pre sure drop. T his 

is the price which has to be paid for the absence of flow separation at the 

duct wall. However there rclllains one stagnation point downstream of the 

ball and th is a rea creates a flow separation. Since the ball can move freely, it 

rotates a litt le bit with every pulse. As a result. the flow cparation i alway 

at a differcut location of the ball surface. This was investigated in a CFD 

model (Fig. 24) and by a variation of geometric parameters we managed to 

tn inimize areas of low shear tress. 

In Fig. 25, the engineering solu tion of t his valve, the guidance of the ball 

and the systoli c stop arc integrated into the housing, and a smooth inner 
surface without steps could be created. Figure 26 shows a sequence of a dye 

washout experiment in a large water channel. After a few milliseconds, a com­

plete washout of the wall region has been attained . 

Figure 27 shows yet another experiment: the flow inside a real-sized valve 

was assessed with Particle Image Vclocimetry (PIV). The flow field agrees 

well with the other experimental methods. Also. Fig. 2 shows how such ball 

valves arc int grated into a VAD. which in thi · case is a pneumatically driven 

blood pump. The inner surface is fabricated in ha lves in luding the valves 

and t he flexible diaphragm. 

Later. the balls a rc inserted and the two halves are joined to form one 

blood pump. which i. hown in Fig. 29. The flow inside such a blood pump. 

wltich was assessed with PIV, is hown in Fig. 30. Shown i a circular flow 
with a jet from the inflow val vc. The outflow takes place without flow sepa­

ration. A more complicated flow is shown in Fig. 31. In this case th e inflow 
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Velocity 

Shear 
Rate 

Initial valve 

K. AFFELD ET AL. 

272m.·.a. 

1500 l/a ' ':-IXJI I 

I o • 0 

Final valve 

FIGGRE 2-L CFD results of flow through ball valves with different geometries. 

FIGUW 20. CAD view of a ball valve. Strut;; and stopp<'rs arp integrated into 
the housi11g. 
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F1m HE 2(). 10: I mode•! of <1 ball valvP. DownstJWilll or Lltt> bHII a fiow separation 

ap[ll'ars. but I Ill' walls arc 1\"c•ll wash<'cl out. 

I~IC:I HI·; 21 PI\' ['('SUits or tll!' llow fidclll"ithin tlw hnll valw. 

153 
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FIGUR8 28. Inlet and outlet valvPs which arp intC'grated into a blood p ump. 

FIGURE 29. Pneumatic blood pump ,,·it h inlcgratC'd ball valves. 



http://rcin.org.pl

FLOW IN ARTIFIC'IAL VALVES AND BLOOD PUMPS 

FIGURE 30. Flow field within a pneumatic blood pump on one symmetry plane, 
obtained with PIV. 

FIGURE 31. Flow field within a pneumatic blood pump with the diagram slanted 
in respect to the valves, obtained with PIV. 

155 
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jet impinges at an angle into the flow !'hambcr and the diaphragm acts on 

only one side of the blood plllnp. Both of these asyrnwct ric design featmes 

create more complex flow fields, which can be observed in the vector fielcl. 

The average wall shear stress has been shown as influential iu the val vc de­

sign. and it certainly has an influence in the design of the blood chamber. 

This was investigated in an CXJWrinH'ntal method. called the paint erosion 

met hod. The inner smfa.cc of a blood pump is painted with a. water soluble 

painL and theu the blood pnmp is operated using water. In regions of high 

shear rate tlH' paint is dissolved first. and regions of lm\' shear rate remain 

covered with paint (Fig. 32). In this way the action of the wall shear rate 

inside t hc blood pump can be assessed. 

F 1 c t HI·: :l:2. l'IH• paint erosion n1el hod perm i l s l h(' vJsnal izat ion oft lw d istri bnt ion 

of wall shrar st n•ss. 

7. Models for Thrombus Generation 

From the previous informal ion. the ('Olld nsion can bc dnnYn that t!H' 

generation of a thromlms is thC' greatest danger for all of thc~c implantt>. 

A thrombus is a mass composed of c!C'posit ed platelets. reel blood cells an cl 
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fibrin strands. Sometimes a thrombus is composed of platelets alone. This 

meaus in effect, that the platelets need to "know" that one has adhered and 

the next need to recognize this and adhere as well. How is this communi­

ea tion between platelets accomplished? This problem has been investigated 

with experimental and numerical models. In the experimental modeL a fluid 

composed of plasma and subsequently activated platelets flows towards a 

glass plate and forms a stagnation flow [13]. The glass plate can be observed 

through a microscope. 

n&di11lpositi011]mm] 

F1c:L RE 33. Schematic view of this stagnation flow experiment. The flow field 
and the resulting shear field at the wall has been computed. 

Figure 33 shows the experimental arrangement. The stagnation flow has 

a central stagnation point where by definition the shear stress is zero. The 

shear stress increases ra.diaii.Y, peaks and then decreases again. The activated 

platelets come close to the glass wall and son1c adhere, sec Fig. 34. 

They form specks of individual thrombi. each of them growing larger with 

time until lhcy finally combine with each other and form a ring. From the 

[inal picture OIJe can conclude that neither in the stagnation point nor at a 

Yery large radius does a thrombus form. Both areas coincide with a low or zero 

shear stress while at a specific shear sl rcss the thrombi arc formed massively. 

This was investigated in a numerical model: a deposited platelet is assumed to 

give of[ a messenger molecllle like ADP. ATP, or thrombin. \\'ith the random 

walk method the diffusion of these molecules is simulated [14]. In this method 

one assumes random step which imitates the Brownian movement. A series 

of steps and a number of molecules form a three dimensional cloud. The 
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FIGURE 34. Thrombus formation caused by initial platelet adhesion. They grow 
in sihc and form larger specks in the form of a ring. The stagnation poiut in t lw 
center remains free of specks. 

influence of the flow can be taken into account if at ead1 random step the 

appropriate velocity is added. The flow field that was assumed has a ~ero 

velocity at the wall, aud a velocity which increases linearly with Lhe distance 

to the wall. 

Figure 35 shows separate views of the cloud which is formed by diffu­

sion alone, and also by the combination of diffusive and convective motion. 
The simulation shows tbal the convc<'lion helps to tram;port the messenger 

molecules. If one assumes au even stronger flow field than shown in the fig­

ure. one would achieve a very long and diluted cloud. From tbi:,; one can intu­

itively deduce that diffusion alone does not achieve a transport of a messenger 

molecule to another platelet. allCl that a ver)' strong flow does not achic'\'e it 

either because the cloud becomes too diluted. There must be a combination 

of diffusive velocity and convective velocity which is favorablc for thrombus 

generation. Since in om experiment the flow field has a radial ~;ymmet ry. 

there is a ring of favorable shear rate at which specks of thrombi appear in 
the experiment. In ordN to undcrstaud this transfer of thromhin molecules 

to the platelet, a platelet ·was a:-;sumed which is carried by the flow in a cer­

tain distance from the wall. When the platelet passes the cloud of molecules 
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FIG URE 35. In this nuu1crical simulation the random walk method is applied. 
Random Steps in x, z simulate the Brownian motion of a t hromboactive substance. 
New molecules are emitted and plotted until a cloud is finally for med . If another 
platelet comes into contact with this cloud , it a lso becomes activated a nd emits 
thromboacti ve molecules. 
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which are emitted from the platelet on t he wall it comes in contact with these 

molecules . It becomes activated as well. 

In Fig. 36 the number of encountered molecules is plotted as a function of 

the shear rate and of the distance of the platelet from the walL These curves 

show a definite peak, wh ich confirms the observations of the experiment. In 
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PIG lJ RF; 36. Platelets arc hit by the molecules depending on t he shear rate a nd 
the distance to the wall. There is a shear rate at which this occurrence peaks. 
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ot her words, there is a combination of the diffusive and convective velocities 

of t he platelet which rcsul ts in il maxi mum encounter between l!lolecl ll <'S and 

platelet. A a result of this comhinat ioll t he velocity of the pla tele t is such 

that thrombus generation is rnost likely. A cellular automat wa" designed 

using this result. As in t he original experiment, it has a rad ial syunnet ry 

and a t each radius a probability is a ·signed to each clement. This probability 

is derived from the curve in Fig. 36 and t he ·hear rate in Fig. 33. A1rother 

condition i. implemented: wlH•n by chaucc a platelet ad heres to the plate the 

probability in the adjacent sectious downstream is inncased, sec Fig. 37. lf 
one runs this cellular automat, the initial speck distribution quickly forms 

a ring which be omcs more solid with time. see Fig. 3 

0.1\ 

~~.· o~,~'} ::1}1\ 0.1 0.1 

\ oOJT 9· 1 o.1 
' Q.l 0.1 

. ,0 I 0.1 

0.1 ' 0.1 f 

Fl C:l ' ltE 37. The dist ribution o f the probabi lity that a plat<'lct will Hd here within 

th<• ci rcu lar grid o f th<' C'Pllular automat (l<•ft ). If a platPIPt adh<'r<'s, tlw probabilit~· 

in it s wake is incrpas<'d {right ) . 

FJ <:t HE 3 . Numerical r<•sults of the simulat ion. it agr<'<'S well \\'ith tlw <•xperi­

lll<' n tal results. 
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When t his numerical result is compared to the experimental result, see 
Fig. 34, one perceives an agreement in regard to shape, distribution, and de­

velopment. Thi indicates that t he basic mechanism has been modeled cor­

rectly. Future work in thi · method has to include the thrombogenic qualities 
of the material in the wall and also the dynamic effects because during prac­
tical application, the stagnat ion point and the shear stress field a rc rarely 

stable, but instead move around. In addit ion the shear fl ow field withi n art i­

ficial elements is far more complex. 

8 . Conclusion 

Modern experimental methods, such as t he PlY-method, and numeri­
cal methods, such as CFD, have greatly contributed to our understanding 

of blood flow in the body. However. the unique feature of blood in connec­
tion with flow phenomena to coagulate and to become partly solid i not 

completely understood. We need Lo integrate the biology of the blood cells, 

especially the biology of t he platelet, into our models. Thrombus gcneratioll 
is one of the most frequent complications found in patients with an artificial 
blood pump. This prevents these devices from becoming a destination ther­

a py, which is badly needed. Further, li tt le research has been performed on 

the influence of the flow on the whi te blood cell. Many of the patients with 
a VAD suffer from infections, which indicate that white blood cell are af­
fected by the m chanical device. As a resul t, new experimental and numerical 

models arc needed for a full control of blood in artificial devices. 
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