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AI)strael-A numerical anah.qs has [',ecr~ t;~erfi)nued t~) im'cstigatc the characteristics of Lwn-dimensiorml trLmsi~nt 
bl~x~d Ilu~s interacting ~ i~_h the [cullet mtRiun in a bileaffet mcchar~[ca[ heart ~alve u its d~ff~rent maximum t~puming 
ut~gles, k ~cated in the ao~ic p ~_',itkm. l lu~'e, tbr oue cycle of  hcartheut tl ~e a~ mh sis has beer~ carried out in the light of 
tluid-structurc ffitcraction siucc the bkx~d !'k~ and the leaflet motion are coupled "O,l]tll t2at2h t.lt['ee[t Bhx~d has been 
-Isstllned to be a Nc~ [oniN~ at~d P.ol"~JNewtor~iarl ~luid. ~Ahere the (':~rreatl mode] has Seep. used for the shnula~_io~t ~,f 
~ltm*Neato!'~[m~ ll~id. Ph)siolt~gic ,~etltricular end aortic pressure uatef~llqfts ha~e been u~ed a.,, tlot~ Nmndm 
conditions at the t entric]c and the ao~a. A finite ~o[ume comput:~tional lhdd d)ninnies code :~nd a finite e[cmcut 
structure dynamics o,dr  hm e bc~  us~ ~s~ncun'emh to ~,h c the flow ~ d  tl~c structuw cqu-nkms, r~N;~ccth el}, ~ here 
~,he t ~  eqauti~mb arc st_r~mgiy couplc~d. F[ou l]dds. [c;dte~, bdmvi, w, and shear stresses with time ha~c been ob~ai~r 
Also the di.~'harge at~d ~J~c fcgw~itatiotl ['toys' rNc,,, hu'~e be~nt calculated. The maximum shear htr~s, an im~_~r ixsuu 
fi~r \ a b e  hemodvn-m-~[c anahsis, has been fi~und in the ~ieinity nf~be c~utact l~x,in~ ~here a leallet contacts ~i~h 
h,~using in the tinal sRtge ,~/thc closing plmse. 

Kc~ m ~rds: Mcc[ la~ica[ I l~:ar~ \,She (M I IV ~. } temr n~fi~,,~. Fluid-Structure Im~,acti,,~. 13k~ d Flow. Puh,;at[le [:k>~. 5h~,~ar 
Stress 

INTRODUCTION 

A h~m is a two-sided pump rrsl~msible for circula|ing bltn~d 
throughout a bt~Jy. Inside a heart in a human b(va~.' there are four 
chambers and each side has two of them, The upper c l ~ b e ~  are 
called the atri~x and th~ lower charnb~s ar~ the ventricles. A heart 
has fbur different cardiac valves: tricuspid valve (right atrium~rigN 
vermricte), pulmonary' valve (ri~t ven~'icle-pulmanary arte~0, mitral 
wdve (lelt ~erium-left ventricle) and aortic' valve (left ventricle-main 
artery). The fi)ur valves a~l as one~way darts b~wccn the cham~ 
ber~. "Ihr vah,c~ allow ~ra.-ard flow "and prevem b~ckflow ofbkx~d 
moving through the heart. 

I-leaNw valve leaflets are formed N ~  Nin and pliable tissu~,~ 
Na~ open and c[o.~ as the hea~l conwacts and relaxes. Ho,,~ever. 
henri valves,- can be abntmnallv form~xt congenitally. And they c:m 
be &~mag~ or scarred !~, theumatic few~. infectkm, inherited ccr 
tkns, aging and heart attacks. -Ew aortic and mitral valves ~ the 
ones m~st ottcn alTecled. Abnoimal he~t valv~ will cau~e the heart 
to work harder ~_o pump the required amount tff b l ~  throu2~ the 
lmdy. This excess work can weaken the hevaa, causing it m enNrge 
alld incur varitms ~.'ymp~oms. N~me ofth~.,~ syrup>ms include chest 
pain. sla~ness of breath, dizziness. Fainlin N chronic tiredness, and 
swelling often J~et and legs. 

In ~ e  c~.~s it is l~ssible u) repair a valve ~ peribnning a sur- 
gical ~_x:edure called v~4vte~omy, vatvulopkksb: t~r valve re,Jr. But 
ira valve is so seriously deformed or diseased, it must be remowxt 
and rep-Nced with a prosthetic larfificial) hear~ vatve. There are two 
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Fig. I. Bileaflet meehauieal heart valve (MHVL 
(a) bird's~'e view, (bt side view ofinslall~ MHV inthe aorta 

main tO~s of~ificial valw~: biopr~fllt.~s and mcd~nicJ  valv~. 
l=i~l}: bioprosthe_~s or biopms~hetic valw,~s are made of bMogi- 
cal tissue dmman or ~,azed animal |issues). ~condly  mechanical 
valves are m ~ e  of  mclal, carbon, andA~r sy-mil~ics. Bileaflet me- 
ch~ic:g henri ,calves (M 14V 1 are die tn~.N comnu~nly implanted pr(~ 
t~'~ic heart valv-~,~ (Fig. I k Although the~ ~alves alv duraNe, palients 
r~\lu~, anlicoagldation therapy m prevent thmmb(nis and tha~m- 
boembx~Jism. 

When the valve is fully opene& high veloci|y jeis through the 
gap |x:~veen the leaflets can be readily det~ted bt.~h in rh.(~ and 01 
ritn~ [Chandran, 1085a: Wtx)et al., 1986: |-]a~n 'kam et aI., 1988: 
Nygaard et al.. 1994], The le~aflels ac't as ~m obstruction m the blo~v,t 
flow through the valve and this. coupled with thehigh vdociB,]ets 
thwugJ~ the k-atleLs, cau l s  elevat~J .shear stress~ which m:tv cau~ 
r~'d bk• ceil damon or plaeld activ~on [[-[asel ' ~ n  et at,, I988: 
Hung etaL 1076; Leverelt el al.. I972:\Vtx3 et al., 1986]. ~tbgcther 
with high shear stress, increased ctYagulatkm caused ~ blo~J stag- 
nancy in ~x~nk~ct with the a r ~ j  walls may yield thmmbx~sis and 
thromtx~zm~iism, which should be avoid~ in patients with apros- 
thetic h~m valve implant. An improvement of  vah,e desij~'~ rectuires" 
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a detailed understanding of these system properties and further sub- 
stantial research. Analysis of the flow field around the valve may 
identify the areas of flow disturbance and the areas of stasis close 
to the valve, and this information can then be used to improve cur- 
rent valve designs. 

Most of the research has been performed through in vitro exper- 
imental studies since in v#'o experimental investigations are extrGne- 
ly difficult, Although many important aspects of hemodynamic aor- 
tic blood flow have been investigated in experimental studies [Sat- 
lain ct aL 1976; Yoganathan et eL, 1979; Skalak et at., I982; Ros- 
seen et N., I984: Tillman et at., 1984: Chandran et aL t985b, c: 
Farahifar et at., 1985: Gross et el., 1988, Fatenni et al., 1989: Sikar- 
skic el al., 1979], they lack spatial resolution, have probkTns analyz- 
ing transient phenomena or partially lack the detailed observation 
of theoretically interesting variables crucial for extended theoretical 
modeling because it is difficult to measure them. 

Analysis of computational fluid dynamics (CFD) is an altema- 
tive tool that can be used to investigate the complex flow patlems 
within the valve and the flow downstream of heart valves. Once a 
CFD model is defined and validated, small changes can be made 
to one desi~ parameter, such as the leaflet-opening angle, and the 
effect of this alteration on the flow field can be thormghly investi- 
gated. 

Many researchers have performed investigations on the flow field 
around the bileaflet mechanical heart valves using CFD analysis 
[McQueen el aL 1985; Stevenson et el., 1985; King, 1994; King et 
aL, 1994; Cerrolaza et at., 1997: Krafczyk et aL 1998: Gokhale et 
aL 1978: lmaeda et at,, 1980]. Previous studies have eitherignored 
the effects of valve leaflet motion or appmximaled it using simpli- 
fied assumptions, although the bileaflet mechanical heart valve cycli- 
cally performs an open-and-close process by the hearttwat. There- 
fore, they cannot have depicted clearly the flow field and the ieaf- 
let motion for a complete cardiac cycle. ]b  obtain reliable results, 
fltfidstructure interaction between the blood flow and the leaflets 
motion has to be included. 

The aim of this paper is to overcome the shortcomin~ of previ- 
ous studies where the leaflet motion has been i~ored or simpii- 
fie& and to investigate the characteristics of the blood flow and the 
leaflet motion in the bileaflel mechanical heart valves in the aortic 
position by fluid-structure interaction analysis. In this study two- 
dimensional, pulsatile flows have been simulated in the valves with 
different maximum opening angles. A finite volume computational 
fluid dynamics code and a finite element structure dynamics code 
have been used concurrently to solve the flow and structure equa- 
tions, respectively, to investigate the interaction between the blood 
flow and leaflet. Blood has becm assumed to be a non-Newtonian 
and Newtonian fluid with Carmau model. All calculations have been 
performed for one cycle of heartbeat. 

MATHEMATICAL MODELING 

"['he governing equations for fluid and structure have been con- 
sidered simultaneously to obtain the flow field and the leaflet be- 
havior for an open-and-closed cardiac cycle. Xhe following are as- 
sumed to simplify the governing equations: The blood is a homo- 
geneous incompressible fluid. The density of fluid is constant and 
the flow is laminar [Jeong et al., I995]. 

1. Governing Equations for Blond Flow 
The governing equations for blood flow are the continuity equa- 

tion and the Navier-Stokes equation for an incompressible fluid, 
which can be written in a strong conservation form in c~rvilinear 
coordinates as follows: 

- - 9  + - - ' -  ' =0 

0tk J ) 0r J ) .lax,at, 

+ a r,<y<,ao, <,a.. 2 6 ao,<,.,)] 

where u, is the Cartesian velocity component, S is the Cartesian 
coordinate, U, is the velocity component in the ~ direction (contra- 
variant velocity component), and J is the coordinate transformation 
Jacobian. Furthen 

x:=x. x_,:y, xs=z. r162 r r (3) 

' 0t Ox, �9 

where, o~ ~,~ represents the grid velocity, so that the above formu- 
lation is in an Eulerm-Lagrangian frame. 
2. Governing Equation tbr Structural Dynamics 

The finite clement formulation of the structural dynamics equa- 
tion can be generally written in a linear form as follows: 

[Ml~iil+[C'l[ql t[Kllq} {V} f5) 

where {q}, [M1, [C], [K] and {F} are the displacement vector, the 
mass matrix, the damping matri,  the stiffness matrix, and the force 
vector caused by the fluid dynamic load and shear stresses, respec- 
tively. 

[M] =Z,nl, =Z[N,p.,N,dv (6-a) 

[L] -Ec . , , . -Z~  ,~.,Y,d, (6-b) 

[k] =Ek;)=~,JB,D,,B,dv f6-c) 

{ F} : Z  { i; }" :Z~?",dpv (6-el) 

where N. p.  It, and D, am the shape function, the density of the 
structure, the damping parameter and the elasticity matrix. B is re- 
lated to N, through a linear operator: 

B,-L,,N, (7) 

Newmark's scheme is applied to solve the above Eq. (5). For known 
values of q, dl. q at (in-1 )th time step, we have 

{q } =~t[[k] + ~ [ M ]  +4[C1] ' {F}  + {E}  (8, 

where [E} comprises all the terms ofq'-L q'-~ and r 
3. Coupling of Fluid and Structure 

In Eq. (2) of fluid dynamics, the structural effect comes into play 
only throu~ the grid velocity tenn. This section will discuss the 
implicit coupling procedure. It is known that at the fluid-structure 
interface, fluid velocity is always equal to the structure velocity and 
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the contravariant velocity component i n  the Eulerim-Lagrangian 
formulation is zero: 

at Ox, 

If {q}~ is the velocity of  slructure at the fluid-structure interface, 
then 

Table 1. Classification of the calculated cases 

Classification Fluid Opening angle 

c&~e 1 Newtonian fluid 25~ 
case 2 Newtonian fl uid 25 ~'< 0 < 80" 
case 3 Newtonian fluid 25 ~ < 0 < 85" 
case 4 Non-Newtonian fluid 2Y'<0 <85" 

{q}"- at Ox,'  Ot 

On the other hand, Eq. (8) can be expressed in the following per- 
turbation form: 

{ q I ',,=-::[IC] {PI'~ ~ 10) 

In view of Eq, (9), we have 

~ u '  =[lC]{p}~ ILl) 

where [IC] and {p}~ are the influence coefficient [Yang et al,, 1994] 
and the pressure at the fluid-structure interface, respectively. When 
Eq, (1 l) is substituted into the pressure gradient term of the pres- 
sure correction equation, the resulting equation depends only on 
flow variables, 

In the process of  numerical calculation fluid velocities and pres- 
sures are computed at each time step solving the Navier-Stokes mo- 
mentum and continuity equations. The fluid and structural dynam- 
ics models and the fluid-structure interaction method are embed- 
ded in the ilerative procedure, in the process of  the fluid-structure 
interaction fluid forces on the valve are used to compute leaflet mo- 
tion during each iteration. On the contrary, the leaflet surli~ce ve- 
locity is hnposed on the fluid in the altered flow domain during the 
next iteration, which means that the fluid-structure interface is mov- 
ing. Fluid velocities and pressures are once again computed and the 
updated fluid forces on the leaflet are applied as boundary condi- 
tions of  the structure (leaflet). This process continues until both the 
flow variables and structural behavior converge to equilibrium val- 
ues. The numerical computation then proceeds to the next time st@ 
and the entire procedure is r~xzated. The rigorous scheme insures 
fully coupled flow and structural solutions at each time step. A time 
accurate, backward Euler, upwind differencing SIMPLEC schmne 
has been used in the flow solver, 

N U M E R I C A L  ANALYSIS 

Using the fluid-structure interaction method, two-dimensional 
pulsatile blood flows interacting with the leaflet motion have been 
analyzed numerically in bileaflet mechanical heart valves (St. Jude 
Medical} installed in aortic position. ANlougda the MHV is geo- 
mc4rically three-dimeusional, the blood flow has been assumed to 
be two-dimensional since the two leaflets of  the MHV are of  plane 
shape and the calculation for three-dimensional transient simula- 
tion requires a considerable amount of  calculation time. We will 
handle the analysis for three-dimension geometry later. Investiga- 
tion has been carried out with the governing equations for blood 
flow and leaflet behavior, respectively, together with an auxiliary 
equation whirl1 is coupled with the above equations, To solve these 
equations, a commercial software package CFD-ACE+ ver. 6.4 and 

(a) { b )  

[ ~ 1  - / " . . . .  

(c) (d) 

Fig. 2. Opening angles in different cases and hinge point. 
(a) case 1 t25"<0<75"), (b) case 2 (2Y<0<80"), (e) case 3 
(25'~<0<85"), (d) Hinge point 

FEMSTRESS (add-on module for CFD-ACE; a finite element struc- 
tural analysis module)have been adopted. 

Calculations for four cases have been carried out as shown in 
I:able 1. In cases YG, the blood has been assmned to be Newto- 
nian fluid and the opening angles have been set to be 2Y<0<75', 
25'%0_<80 ~ and 25~_<0_<85 ~ resp~xztively. Delai}ed figures of the dif- 
ferent lmflet-opening angles in these cases are shown in Fig. 2, Hinge 
point meaning rotation ~xis of  leaflet is denoted in Fig. 2(d). The 
actual angle of  closure becomes not 0,~,,-2Y but 0,,,,~=26 ~ since the 
gap (70 jam) between the leaflet and housing exists when the leaflet 
is fully closed. Therefore, reverse flow (leakage flow) toward yen- 
trick is caused when the leaflet is closed. 

For Newtonian flui& in the cases 1~3 the density p is 97 t kg/ 
m ~ and the dynamic viscosity li is 3.5>. l(F ~ kg/m.s. The case 4 has 
been considered with the opening angle 2Y<0<85" and with non- 
Newtonian fluid of  the Carreau model as follows: 

1 0 0  - - ~ ~ 

8 0  . 

60 it ?yst?Je start*rig \ . . . .  Aortic 

ft. 20 

0 " 
1 

&0 01 02  &3 0~4 0 5  06  &7 08  

T i m e  i s ]  

Fig. 3. Pressure wavetbrms used as the bounda~ conditions. 
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ILt=lLt~+(ILt. I.t~I'[I+(KT) ] (12) 

where ~:-0A 072 kg/m.s, Ia~:35,. 10 -' kdm's, n:-0.356& K=2.6502, 

a::2, and the shear rate T = The density is the same as 
0X )" 

that o f a  Newtonian fluid�9 
"['he diameter of  an aortic blood vessel has been assumed to be 

27.0 ram. The geometry of the downstream region of  MIfV has 

been adopted tivm the Sinus of  Valsalva model suggested by Swan- 
son et al. [1974]. ~ pressure wavefonns, measured i ,  v i t r o  ['I'hu- 
brikar et al., 1996a, b ] i e  the ventricle and the aorta with 75 beats 
per minute, have been used as pressure boundary conditions for the 

numerical calculation (Fig. 3). At the vessel surface no slip condi- 
tion has been given for the blood flow and at the leaflet surface the 

velocity of the blood is identical to that of  the leaflet surface, The 
current numerical calculation has included 9 [ 14 cells and has em- 

ployed the time step of  0.0005s. It has taken about 70 hours (in each 
case) to converge with a PC of Pentium 111 800 and 512MB RAM, 

RESULTS AND DISCUSSION 

Velocities fields and shear stress contours in three diflbrent cases 
are depicted in Fig, 4. In each plot velocity fields are described in 
the upper part and the shear stress in the lower part. The leaflet too- 

: ............ ~_ . . . . .  , . . - ~  i..: ~ 
.:~:.~ ~-.~-.,-~:-.~.~i,~-~:~-:..~-~ ~-~:~i i:~ :!i : :i ~:~.L--.i--_2:~=4;-- .:~i-!~ ! ii :.! ',. :~ ,: 
~i..:..--::~"~i~ :" ~i-i ~-:!~-;:;_:i :":. ~i::~:'~i~ . ::---:-~;".:";,:-.~:.. ~ :: :: i ! i ~: ~" "::: -. ':7 .:? 5 :::', : ~. : ~ ! i !; :. :' -. :..;-::..; ~: ::;: i 

.~_ .................. ~ " ~ ~  

0=65".  t :  0.199s 0=75  ~, t=(1.214s 0=75", t=O,346s O-26",  t--O.3972g 
M M V  = ( 1 . 8 4 2 m / s  MMV = l . t31m/s M M V - O . 4 7 3 m / s  A I M Y  9 . 6 1 5 m / s  

M S S  = 9 8 N / m  3 M3;5" = 1 3 7 N / m  3 M,%' =14Ntm 3 MSS =3392N/m 3 

(a) 

0 = 6 5 " ,  t =0.199s 0=85", t =0.236s (]=85", t -0 .360s  ( ] = 2 6 " ,  t = o . 4 1 2 s  

M M t :  = O. 842 m / s M M V  .,. 0,987 m / s M M t ,  = (t.354 m / s .~.IM V - 17.006 m / s 

MS'S =98N/m3 M S S  = 9 5 N / m  3 M S S  ~ t 3 N / m  3 A~%g =7163N/m2 

(b) 

O - 6 5  ~ , t - 0 . 1 9 6 s  0 - 8 5  ~ , t -0 ,234s  0 85 U, / ' -0 .358s 0 - 2 6 " ,  t=0.4134s 
M M V - O , 8 5 3 m / s  MMV 0,982m/.~ M M V  0 . 3 2 0 m / s  M ? d l ' - 1 8 . 0 5 2 m / s  

M5'5" - |03 N / m 3 ,hISS - 104 N / m  3 M S S  - 16 N / m  3 )/L%" - 37768 N /m 2 

(c) 

Fig. 4. Velocity fields and shear stress contours (MMV: Magnitude of maximum veloei~; MSS: Maximum shear stress). 
(a) case 1 f25'~<0<75 ~ Newtonian fluidL (b) case 3 (2Y<0<85", Newtonian fluidL (cl case 4 (25o<0<85 ~ non-Newtonian fluid) 
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tion can be divided into Four durations: opening phase, opened phase, 
closing phase and closed phase, Plots in the figure~ from the left to 1;to 
the righk correspond to the opening phase, the end stage of  open- 100 
ing phase arriving at the maximum opening mgle~ the end stage of  .~ 8o 
opened phase meaning the starting point of  closing phase and the -r S0 

E 40 
final stage of closing phase, respectively. In the opining phase (the ~ 20 
first cohmm) of the three cases, the fows between a leaflet and hous- 

0 
[ng. having almost uniform velocities, are faster than those between -20 

the two leaflets. This is different from the result of  other research- 
100 

ers who r~-ported three jet-like fast flows tbund downstream of  the 
leaflets on the assumption of ignored or simplified leaflets motion. '~" 8o 

In the second column, the stream of outer side of  the two leaf- e 60 
120 

lets in the case 1 with 0,~,~.=75' tilts toward the sinus cavity more e 40 
than that in the case 3 with 0,,~,,=85L Because of lame maximum 
opening angle, the flow in the case 3 results in ledger recireulation 20 
in the sinus cavity compared with the case 1. In the third column, 0 
reverse flows start to occur downstreean of the leaflet and propa- lOO 
gate to the whole flow domain associated with the ventricular dias- 

0 
tole. "I1qe starting time of the dosing phase in the case 1 with O,,,& W 
75' is 0.348 s, and that in the case 3 with 0,,,~=85" is 0.354 s. This -B - i o o  
shows that the smaller the maximum opening angle is, the earlier ~ - 

-200 
the closing phase starts. 

In the final stage (the fourth column) of the closing phase, jet- -3oo 
like flow is found between the leaflet and housing (marked in the 

0,010 - 
figure) in all the cases. The magnitudes of  the maximum vebcity 
(MMV) in this region are denoted in the figure, ltere, the m~_ni- 0.0o5 
tude of the maximum velocity in the final stage of the closing phase ~ "  0,0o0 i 
is immensely larger than that of  other phases. The flow fields for E 
Newtonian and non-Newtonian fluid are similar to each other, -o,005 - 

The extent of  blood cell damage is a function of both the magn[- j 
rude of shear stresses acting on blood corpuscles and their expo- 
sure time to shear fields, Furthem~ore, platelets have a lower tol- 2O - 
emnce to shear stress compared to red blood cells. Therefore, dam- IS - 
age to these platelets caused by shear stress may be an important W ' 
Factor for the initiation of thrombocmbolic complications, The nlag- ~ t 0 -  
nitudes of  the shear stress (MSS) have been calculated and depicted ~ s 
in the figure. In the final stage of the closing phase an immensely 

0~ 
Iarge value of  maximum shear stress is lbund in the vicinity of  the 
contact point where a leaflet contacts with the housing, Especially, 4o000 
For non-Newtonian fluid the maximum shear stress is much larger 

30000 than that o f a  Newtonian fluid. Note that both the position and the 
time corresponding to the maximum shear stress in the flow field E 2000O 

Z 
during one cycle are exactly identical to those corresponding to the ~ 10000 

maximum velocity, o 

Changes in leaflet angle, leaflet angular velocity, blood flow rate, 
the maximum velocity and maximum shear stress in the blood flow -Ioooo 

during one cycle are shown in Fig. 5. The pressure wavefbnn adopt- 
ed for boundary conditions given in Fig, 3 is shown again in Fig. 5(a) 
For the convenience of comparison, The ventricle systole starts at 
t-0.164 s and the ventricle diastole at t--=0.26 s. Variations of  the 
opening angle and the leaflet angular velocity are shown in Fig. 5(b) 
and Fig. 5(c), 

~Itle smaller the maximum owning angle is, the earlier the closing 
pha.se is started and finished. The closing phase in case 1 ls0.M6 s_ 
t_0.~97: in case 2. 0 357 s<t<0 405; in case 3, 0 360 s<t<0 412: in 

-, < <  - .  case 4, 0.a58 s_t_0.41 a, When the leaflet starts to contact with the 
housing, a small bounce of the leaflet takes place because of the 

6iastole startiag 
(a) it=o2e 

s y s t o l e  sta~ir~g f , , , ~ ' ~ ,  - -  

Verl, 
- -  ,&.or. 

{ b )  

(c) 

c a s e  1 
t ~ s e 3  - -  - -  c a s e 2  

c a s ~ I l l &  case 4 . . . .  case 3 

- - - - - c a s e  4 

~o~ed opening dosing closed ~,~-~e..-~ . . . .  

' ....................... i ' ................... 1 ............ �9 . . . . . . . . .  i ~ ~ = r  ~ 1  

(dl 72e;  , 

( e )  
c a s e  3, t=0,412 s ~  

c a s e  2, t=0.405 s ~  

c a s e  1, t=0,397 S ~  

......... ~ ..... * ......... I ' 'l' ' 

( t l  

~ c a s e  4, t~0,4t3 S 

'" V ' " '  '~ 

I " - ' - - c a s e  4~ t=O 4"13 s 

c a s e  3, 1=0,442 s ~ ] 

case2,,=O405s'\ [ 
c a s e  ,, ,=0.387 s ~  [ 

- . _ : ,  . . . . . . . . . .  

I ~.....i~[ 
0 .  ~ 01. 010 & 

T i m e  [s]  

Fig. 5. Leaflet behavior,  f low rate, and the nlaxinmm velocity and 
s h e a r  stress .  
(a) Pressure wavefomls of ventricle and aorta, (b) Leaflet open- 
ing angle, (cJ Leaflet angular velocity, (d) Volumetric flow rate, 
(et Maximum velocity, (t) Maximum shear stress 

inelqtia effect of  the leaflet motion (Fig, 5c), Although the ventricle 
diastole starts at t-=0,26 s, the closing phase starts later, it can be 
noted that there is a time delay between the ventricle diastole and 
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Table 2, Blood flow rate per one cycle [unit : re-?s] 

Q~,, Oo~, (Q~oJQj~ .~ 100%) Q,., 

Case I 8.868e-04 0.5 t3e-04 (5.8%~ 8.355e-04 
Case 2 9,336e-04 0.886e-04 (9.5%} 8.450e-04 
Case 3 9.549e-04 1.425e-04 (14.9%) 8.126e-04 
Case 4 9,920e-04 1.500e-04 (15.1%) 8.418e-04 

Q~,~: discharge flow rate, Q,<.~: regulNitation flow rate, Q,,: net flow 
rate, 

the shortcomings of previous studies where the effect of  leaflet mo- 
tion has been ignored or approximated by simplified assumptions. 
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R E F E R E N C E S  

the start of  closing phase in all cases. The regular velocity of  the 
leaflet at the final stage of the closing phase is considerably larger 
than that of  the opening phase in all cases. The larger the maxi- 
mum opening angle of  the leaflet is, the faster the angular vebcity 
of  leaflet is in the closing phase. The leaflet behaviors in Newto- 
nian and non-Newtonian cases are generally similar to each other. 

Volumetric flow rates have been calculated and shown in Fig, 
5((t). The flow rates increase rapidly with ventricle systole and de- 
crease slowly with ventricle diastole. Reverse flow named "closing 
regqwgitatioff' exists during the closing phase. Discharge flow rates, 
closing regurgitation flow rates and net flow rates during one cycle 
have been shown in Table 2, Although the discharge flow rate in 
case 3 is the largest of  all the cases, the net flow rate, Q~, in case 2 
is the largest because the closing regurgitation flow rate is fairly 
large in case 3, The profiles of  the maximum velocity and maxi- 
mum shear stress in the region of blood flow monitored at each time 
step during one cycle are shown in Fig,5(e) and Fig. 5(1). ]'he time 
at which flue m~ximum shear stress is observed is exactly the same 
as that of  the maximum velocity. This time is identified to be in the 
end stage of the closing phase, and the magnitudes of  both the max- 
imum velocity and maximum shear stress are immensely larger, The 
m~ximum shear stress is quite a bit larger in the non-Newtonian 
case. This interpretation corresponds exactly with the account given 
before in association with Fig. 4. 

C O N C L U S I O N S  

The culvent study has numericalEy investigated blood flow through 
bileaflet mechanical heart valves, ltere, the leaflet behavior associ- 
ated with the blood flow has also been analyzed by using a fluid- 
structure interaction method. A finite volume computational fluid 
dynamics code and a finite element structure dynamics code have 
been used concurrently to solve the flow and s~mctum equations, 
respectively, since the blood flow and leaflet motion are strongly 
coupled. 

Two~dhnensional, pulsatile blood flows have been simulated in 
valves with different maximum opening angles and blood has been 
assumed to be non-Newtonian and Newtonian fluid (with Carreau 
model). All calculations have been performed during one cycle of  
heartbeat. Flow fieids, leaflet behavior, and shear stresses with time 
have been obtained and discha~e flow rate and regurgitation flow 
rate have been calculated, in the end of the closing phase, the max- 
imam shear stresses, an important issue for valve hemodynamic 
analysis, have been found around the leaflet and near the honsing. 
The pt~esent research has shown the capability to describe the cha- 
racteristics o f  the blood flow and leaflet motion, and to overcome 
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