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Impact Behavior Analysis of a Mechanical Monoleaflet
Heart Valve Prosthesis in the Closing Phase

Gill-Jeong Cheon - K. B. Chandran*

= Abstract=

An analysis of the dynamics in the closing phase of the ocecluder of a mechanical
monoleaflet heart valve prosthesis 1s presented. The dynamic analysis of the fluid in the vi-
cinity of the occluder was based on the control volume approach. The backflow velocity of
the fluid was computed by applying the continuity, Bernoulli’s and momentum equations in
the unsteady state. By considering the fluid pressure and gravity as external forces acting
on the occluder, the moment equilibrium on ihe occluder was employed to analyze the motion
of the occluder during closing and the force of impact between the occluder and the guiding
struts. Occluder comes to rest after several oscillations in about 10-—-18 msec after the
initiaton of closing. As the aortic pressure increases, the occluder closes faster and comes to
the final resting position earlier and the impact force increases also. But backflow is not af-
fected by the variation of the aortic pressure. With decreasing time delay of the ventricle
pressure, the occluder closes faster and impact force increases. The computed magnitudes of

the occluder tip velocities as well as the backflow of the fluid during the closing phase using

this model were in agreement with previously reported experimental measurements.

INTRODUCTION

The hemodynamic characteristics of the heart
valve prostheses such as turbulent stresses and
regions ol relative stasis have been implicated
in hemolysis, thrombosis, and resulting embolic
complications. Numerous studies have been per-
formed on the hemodynamies across prosthetic
valves in the forward flow phase. Measurement

of the velocity profiles and mechanical stresses
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on the outflow side of the mechanical valves
close to the occluders have demonstrated the ex-
istence of regions of flow reversal and stagna-
tion as well as high turbulent shear stresses
whose magnittudes may destroy red blood cells
and platelets (Fatemi and Chandran, 1989;
Yoganathan et al., 1986; Woo and Yoganathan,
1986). However, until recently, little attention
have been directed to the understanding of the

dynamics of valve closure and its effects on the
design of the valves. With the advent of total

artificial heart and incidences of structural fail-
ure of mechanical valves, incipience of cavita-
tion bubbles at the instant of valve closure and
subsequent collapse of the bubbles has been sug-

gested as the reason for erosion of material on
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the mechanical valves (Leuer, 1986, Young,
1989). At the instant of closure when the valve
occluder impacts against the valve housing and
the guiding struts, large positive and negative
pressure spikes have been measured very close
to the occluder in the outflow and inflow side of
the valve respectively (Leuer, 1986; Lee et al,,
1991). Such a large pressure difference may
result in relatively high forces on the guiding
struts and need to be considered in the design of
the mechanical valves. Furthermore, a clear-
ance 1s present between the occluder and the
valve housing in order to provide flow in the vi-
cinity of the valve during the portion of the car-
diac cycle in which the valve is fully closed. It is
believed that the presence of backflow will pro-
vide a smooth washout of blood in the periphery
of the valve and minimize thrombus deposition
in that region. However, the presence of large
pressure spikes at the instant of valve closure
may induce jet like flow through the clearance.
Large mechanical stresses in this region may
destroy platelets and induce thrombus deposi-
tion. The pressures within the clearance region
and in the inflow side of the occluder may also
fall below the vapor pressure of blood and may
result in the incipience of cavitation bubbles.
More recently, number of studies have con-
centrated upon the flow dynamics in the vicini-
ty of the occluders and in the clearance region
with the valve in the fully closed position. Bald-
win et al. (1991) measured the fluid velocities
through the clearance and calculated the shear

stress for a fully closed mechanical valve. Reif
(1991) analyzed the mean velocity and maxi-

mum shear stress through the narrow slit
formed by the closed leaflets of the bileaflet
Haggag(1990)
stress induced by the leakage backflow of vari-

valve. calculated the shear
ous valve prostheses. All of the above studies

are concerned with the analysis of flow through
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the backflow) with the
occluders in the fully closed position. Reif and
Huffstutler (1985) analyzed the critical Reyn-

olds number for the initiation of the occluder

clearance(leakage

closing. They used Newton's second law of mo-
tion for rotating bodies and potential flow the-
ory to mathematically model the closing process
of a pivoting disc prosthetic valve. But diver-
gence between theory and experiment occured
when the angle between the occluder and the
housing was below 60°. They concluded that
such a divergence was because of the limitation
of the potential flow assumption.

An analysis of the dynamic behavior of the
occluder during the valve closing phase is neces-
sary to predict the closing backflow, occluder
tp velocity, the relative velocity of the fluid
against the occluder, and the force of impact of
the occluder in the valve housing. In ihis paper,
an analysis of the transient behavior of the
occluder of a mechanical valve and the fluid 1s
performed during the closing phase. This analy-
sis considers the dynamics of the fluid in the vi-
cinity of the occluder using a control volume ap-
the

occluder include the moment equilibrium as the

proach. The equations of motion for
occluder rotates about a hinge point. The model
used in this analysis is representative of a 29
mm tilting disc valve such as that of a Bjork-

Shiley spherical disec valve.

METHOD OF ANALYSIS

The boundary of the control volume of the
fluid used to analyze the flow dynamics during
closing is depicted in Fig. 1 by dotted lines. For
the convenience of analysis and computing, it
was assumed that the flow is one dimensional in
the axial direction. Because it is complicated to
compule the projected area between a ecircular

occluder and a circular orifice area at various
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Fig. 1 Schematic diagram showing the control vol-
ume and the top view of the occluder : A,
B; major and minor tip of the occluder, G;
center of gravity of the occluder; O; pivoting
point, d; occluder diameter, ¢; clearance be-
iween the occluder and the housing, w;
occluder width, a; distance Between the
minor tip and Lhe pivoting point, s; distance
between the major tip and the discrete area,
P., P..; pressures in the ventricle and aoria,

U, U,; inlet and outlet velocities

positions of the occluder during closing, the or-
fice and the occluder cross-sections were as-

sumed as rectangular with depth w. It was also

assumed that the flow is laminar and velocity is
uniform at every cross—section in the control
volume as well as ét the inlet. Thus, we are ne-
glecting the effect of viscous diffusion in this
short period. These assumptions make computa-
tion simple but give good results (Wipperman,
1985; Van Steenhoven and Van Dongen, 1979;
Lee and Talbot, 1979). The backflow 1s separat-
ed into flows through the major and minor flow
orifices at the entrance section ‘i’. The analysis
simulates the valve dynamics in the aortic posi-
tion and it was assumed that the pressure of the
fluid P,, will be the same as that of the ventricle
P, when the fluid passes through the cross sec-
tion ‘CA’ at the initiation of valve closing. It
was also assumed that the pressure in the ven-
tricular chamber is uniform. On the other hand,
the fluid through section ‘AD’ passes through
the converging channel between the occluder
and the wall. Hence, velocities and pressures
vary continuously through the converging chan-
nel. Because the control volume has moving
boundaries and its shape vary according to
time, unsteady conditions should be considered
for the analysis. With the velocity w at the en-
trance section 1, the velocity at the arbitrary
section ‘FH'(‘m’) 1s expressed by using the un-
steady continuity equation(Lu, 1979, White,
1986).

Ai(Ui_Ulu) _Am(Um_U'.f) :d-v-l/dL (1)

U= (d—a)w(cost) (2)
Up=(d—a-s)w(cosd) (3)
A=W, A.=Wl, (4)
Vi=(Li+1y)ws(sinf) /2 (5)

‘Where A;, A, U, Uy, and 1, I are cross—section-
al area, velocity and width at section 1’ and ‘m’,
respectively. o is the angular velocity of the
occluder. U, and Uy are the axial velocity of the
g

occluder at points ‘A’ and is the distance
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from the leading edge ‘A’ to point ‘F’. V; is the
volume contained between section ‘AD" and
‘FH.

The unsteady Bernoulli's equation between
section ‘AD’ and ‘FH’ is expressed as (Lu,
1979; White, 1986).

U/2+p/p=Us/2+pa/p+ [ (Gu/ot) dx  (6)

Where p; and pn are pressures at sections ‘AD’
and ‘FH’, respectively. p is the density of the
fluid and x, is the axial distance between sec-
tion ‘AD” and ‘FH'. The pressure p; at the en-
trance of the control volume is assumed to be
always equal to the mean aortic pressure pae.
Assuming the velocity U as the mean value be-

tween section 1 and ‘m’, u/at is expressed as
au/ot=[ (Uit Un)i— (Uit Un)eose 1/(28t) (7)

The subscripts ‘t’ and ‘t-8t’ represent the value
at time ‘t” and ‘t-8t’ respectively, where ‘6t’ is
the time increment. Hence the third term of the
right part of equation (6) is expressed as

X

™ (au/at) dx=[(Ui+Un):— (Ui+Un)i=s; |

[s]
s(sin@)/(26t) (8)
The axial force F, induced by the fluid pres-
sure acting on the occluder is equal to

F,

wpm(cosf)ds (9)

© =0

F, can be computed by adding all forces acting
on small elements of width &s which are gener-
ated by dividing the occluder into a number of
equal width strips in the direction parallel to the
pivotal axis. F, and 8s can be expressed as
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N
F,= 3 wds(cosf)pm

m=1

és=d/N

(10)
(11)

Where N is the number of sirips on the
occluder.

Applying the unsteady momentum equation
on the control volume with only one inlet and
outlet (Fig. 2), following relationships are de-
rived (Lu, 1979; White, 1986).

Fr

MU

I

Aipao

L - — — —

Fig. 2 Schematic diagram of the control volume for
the momentum equation: A orifice area, U;
velocitie, m; mass flow rate, P; pressure,
M: mass of the control volume, F.; reaction-

al force

AP,— AP, —F.=mU,—~mU +d(MU)/dt (12)
m=-pA(U;i—U,) 8t (13)
m,=pA,(U,—Uy) 8t (14)
Up= —aw(cosl) (15)
U=(U+U,/2 (16)
M=pwd(li+1.) (sinf)/2 (17)
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where Uy is the axial velocity of the occluder at
point ‘B’, M is the mass of the comtrol volume,
U is the mean velocity of the control volume. F.
1 the axial reaction force acting on the fluid
control volume by the occluder. Equation(12)

can be rearranged to express F, as

FY:Aipao_Aupv+miUi_moUu_d(MU)/dt(ls)

By the principle of action and reaction, the
two forces F, and F, should be equal.

F.=F, (19)

If the velocity U, at the entrance section is as-
sumed, the velocity U, at an arbitrary section
‘m’ is caleulated from equation (1). By using
equation(6), the pressure at section ‘m’ is calcu-
lated, and force F, is obtained by equation (10).
Applying assumed velocity U;, F, can be calcu-
lated by equation (18). If these values of F, and
F, satisfy equation (19), the assumed velocity U
i 1s correct. But 1If these values do not satisfy
equation (19), U' should be modified through an
lterative process as schematically depicted in
Fig. 3 (step 1).

The next step is to solve the governing equa-
tion of motion for occluder to determine the
opening angle and the angular velocity of the
oceluder(Fig. 3, step II). Because of the stall
condition, the lift force becomes zero when the
occluder angle 0, is below 60°. If the opening
angle becomes zero, there is no flow except be-
tween the clearance region and the occluder is
subjected to only the fluid pressure. Hence, it is
not appropriate to analyze the behavior of the
occluder by applying the concept of lift force,
and drag force similar to that employed in the
analysis of the opening phase of the occluder
(Cheon and Chandran, 1992; Reifl et al., 1990).
Therefore, the force by pressure and gravity
are considered as external forces acting on the
occluder in this analysis.

The governing equation of motion of the
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ASSUME Ui

USING CONTINUITY EQ.
SOLVE FOR U

USING MOMENTURM EQ.
SOLVE FOR Fy

WUSING BERNOUILLE™S EQ.
SOLVE FOR Fy

(oo v ]

DETERMINE
Ui

USING MOMENT EQUILIBRIUM EQ.
SOLVE FOR 0, o, o0

Fig. 3 Flow chart of the computational scheme

Fig. 4 Freebody diagram of the occluder: g; accel-
eration of the gravity, m.; equivalent mass,

P; pressure, #; opening angle

occluder is expressed as follows(Fig. 4).
M,=1, (d%0/dt*) (20)
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where,
MtZI\/i_I,;-t-Mg (21)
lLL=mr*/4+m(r—a)? (22)

1, is the mass moment of inertia of the occluder
about the pivotal axis. M, is the moment in-
duced by pressure and M, is the moment in-
duced by the equivalent gravity. M, and M, are

expressed as follows.

M,= - ? (pm—~p.)w(d-a-s)ds

N
=— 2 (ps—p.w(d-a-s)8s (23)
m=1
M,=m.g(r—a) (cosh) (24)
m.=Ah(p,—p) (25)

where A and h are the area and thickness of
the occluder, p, is the density of the ocecluder.

The initial conditions are specified as

6(0)=8, (26)
d@/dt(0)=0 27
d*/dt*(0) =0 (28)

The backflow across the orifice is calculated
by the relationship

Q= A Uidt (29)
Where A, is the orifice area. Since only the
transient period of the occluder closure is con-
sidered in this analysis, backflow represents the
amount of fluid flowing back into the ventricu-
lar chamber due to the closing motion of the
occluder.

The occluder approaching the strut with an
angular velocity w; impacts the strut during an
extremely short time and will bounce from the
struts with an angular velocity w:(Fig. 5). The

relation between angular velocities before and
after impact is expressed as

(30)

Where ‘e’ is the coefficient of resilience. The an-

s = — &)
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Fig. 5 Schematic diagram showing forces during im-
pact: a; distance between the minor tip and
the pivoting point, 1; distance between the
root of the inner strul and the pivoting point,
r; occluder radius, F;; force acting on the
root of the inner strut, F,; force acting on
the root of the outer strut, F,; force acting
on the tip of the inner and outer strut, F,;
foree enduced by fluid pressure, wi, wz; clos-

ing and opening angular velocities

gular acceleration « is expressed by the relation-
ship

a=d0/dt’= (a—w)/t; (31)
Where t; is the impact duration and is expressed
as (Zukas et al., 1982)

t;=2.94[5/(4Mn’v'/2) 8 (32)
Where,

M=1/m;+1/m, (33)

n'=16(Cr/) [ 3n (ki +k) ] (34)

ki=(1=v)/xE, k= (1~v2) /zE, (35)
: 1/Cr=1/Rin+1/Rin+1/Riu+1/Rim (36)

In these equations, m, E and v are mass, Young’'
s modulus, and Poisson’s ratio, respectively. The
subscripts ‘I’ and ‘" refer to the impactor and

the target. In this case, they refer to the
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Table 1 Values of 5 and ¢ defined in equations (34) and (37)

7 0 10° 20° 30° 40°

50° 60° 70° 80° 90°

¢ — 0.851 1.220 1.453 1.637

1.772 1.875 1.987 1.994 2.00

occluder and the strut, respectively. ‘v’ is the
approaching velocity of the occluder. Rin, Rim
are principal radii of curvature of the occluder
and R, R are principal radii of the contacting
points of the struts. ‘¢’ is a function of radius of
curvature and is given in Table 1 as a function
on 7 (Zukas et al., 1982), where

n=arccos{Cg[ (1/Rin-1/Rim)*+ (1/Rin-1/Rim)?
+2(1/Rin-1/Rim) (1/Re1/Raw)

(cos2¢) ]} (37)
where ¢ is the angle between normal planes
containing curvatures 1/Ri, and 1/Ri,. When
occluder closes completely, it will touch the two
roots of the inlet strut at point ‘J’, and the root
of the outlet strut at point ‘N’. If the impact du-
rations at points ‘I’ and ‘N’ are different, the
longer value will be used in calculating «. The
rotational and linear equilibrium equations of

the oceluder are expressed as

2Fl-F,(r—a)+F.a=la
F.,+2F,—F,—F,=m(r—a)a

(38)

(39)

Where F., Fyand F, are reactional impact forces
at point ‘0’, *J" and ‘N'. F, is the force by fluid
pressure. There are three unknowns F,, F, and
F., but there are only two equations. To solve
this problem, the worst case was assumed with
F, set equal to zero. The inlet strut acts like a
cantilever and will tend to deflect. By geometri-
cal compatibility, the strain will increase as the
distance from the hinge point ‘Q’ increases.
Hence the magnitude of F, will be much less
than that of F, and F,. The larger one of the
two forces F, and F, will be the maximum im-

pact load acting on the occluder. As shown in

step T of Fig. 3, the equilibrium equations
along with the initial conditions are employed to
compute the angular acceleration, occluder tip

velocity and force of impact of the oceluder.

RESULTS AND DISCUSSION

Transient behavior was analyzed from the be-
ginning of the closing motion until the end of
fluttering of the occluder after 1mpacting
against the guiding struts. To analyze the tran-
sient behavior during the short duration of the
closing of the occluder, the time increment &t
was selected as 0.1 msec. The convergence cri-
terion specified was that the computed veloci-
ties were correct if the difference between F,
and F, was less than or equal to 0.005 N which
is equal to about 0.1% of the force of the static
pressure(Fig. 3). With the smaller angles less
than 5° the occluder is very close to the final
closed position with very small clearance(about
0.07mm) between the occluder and the housing.
Hence, for angle of opening less than 5% we as-
sumed that the relative velocity of the fluid in
the control volume is zero. Time ‘t’ was selected
to be zero at the moment when backflow is initi-
ated and 1t was assumed that the mnitial velocity
of the fluid is zero. The occluder was divided
into 24 strips of equal width in these computa-
tions. The governing equations of motion for the
occluder were solved by 4th order Runge-Kutta
method. Heart rate and cardiac output were se-
lected to be 70 beats per minute(bpm) and 1.0
% 107* m*/sec (6L/min), respectively. Ventricu-

lar pressure was assumed to decrease from a

- value equal to the aortic pressure(when the

valve is fully open) to zero with a time delay T..
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T4 was varied between 0 and 0.03 sec. The
average aortic pressure at closing was varied
between 10.7—16.0 kPa (80—120 mmHg) and
was assumed to be constant during closing. For
the terminal condition for step II of Fig. 3, the
occluder was assumed to have reached the
resting position when the occluder angle of the
successive time increment is less than 0.5° after
impact. Valve dimensions and various parame-

ters are listed in Table 2.

Table 2 Various parameters and valve dimensions

used in this study

Parameter Value

a 0.006 m

A 0.00045 m

Ay 0.00046 m

¢ 0.00005 m

d 0.024 m

e 0.5

h 0.0015 m

r 0.012 m

w 0.019 m

& ona 70°

o 1060 kg/m?
Lo 2480 kg/m?

a; distance from the pivotal axis to the leading
edge, A occluder area, A,,; orifice area, c; clear-
ance between the occluder and the housing, d;
occluder diameter, e; resilience coefficient, h; idea-
lized occluder thickness, r; occluder radius, w idea-
lized width of the occluder, 6n..; maximum opening
angle, p; density of the fluid, o,; density of the
occluder

Angle between the occluder and the housing
as a function of time at various T, are plotted
in Fig. 6 for the case at the aortic pressure, P,
of 13.3 kPa(100 mmHg). It takes about 10—18
msec before the occluder comes to rest in the
fully closed position from the initiation of the
closing, With decreasing Ti(larger rate of de-

crease of the veniricle pressure to zero), the
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‘Fig. 6 Angle belween the occluder and the valve

housing (@) as a function of time for P,,=13.
3 kPa (100 mmHg)
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Fig. 7 Angle between the occluder and the valve
housing () as a function of time for T,=0.

03 sec

occluder closes faster and comes to the final
resting position earlier. In the normal human
ventricle, the time delay for the ventricle pres-
sure to reduce to zero is about 0.03 sec
(Guyton, 1971).

Fig. 7 shows the occeluder angle as a function

of time at various aortic pressures for the case
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when T:=0.03 sec. As the aortic pressure in-
creases, the occluder closes faster. The first im-
pact occurs after about 10 msec from the initia-
tion of the closing and occluder comes to the
resting position after about 16 —18 msec.
Velocity of the occluder tip at the major ori-

fice is plotted in Fig. 8 for the case when P,,=
13.3 kPa(100 mmHg). The maximum velocity
of the occluder tip is in the range of 8—15 m/
sec. Guo and Hwang(1990) have reported that
the maximum velocity of the occluder tip of a
bileaflet valve is about 4.5—4.8 m/sec. The di-
mension of the occluder of the monoleaflet
valve is longer than that of the bileaflet valve.
Since the moment arm is larger, the calculated
tip velocities for the monoleaflet valve are larg-
er than those measured for the bileaflet valve
and appear to be reasonable. These values are
much higher than the tip velocities of 0.65—1.
42 m/sec computed during the opening phase
(Cheon and Chandran, 1992). Gross et al.
(1991) have reported that the fluid velocity
should be over 13 m/sec to induce cavitation at
the atmospheric pressure, and concluded that
cavitation will not occlur with mechanical
valves. However presence of cavitation bubbles
have been reported with mechanical valves in
an artificial ventricle (Stinebring et al.,, 1991;
Graf et al., 1991). The velocity of the fluid at-
tached to the surface of the occluder should be
the same as that of the occluder itself. Hence
even though the mean velocity measured by vel-
ocimeter may be lower than the critical value,
cavitation might be induced by the fluid at-
tached at the occluder surface. Stinebring et al.
(1991) also have reported that cavitation
bubbles are observed in the major orifice region
and not in the minor orifice region. It might be
due to the fact that the occluder tip velocity in
the minor orifice is only 1/3 of that in the major

orifice due to the shorter moment arm.

T g
k3 Pao=13.3 kPa(100 mmHg)
E e
o
- 34 e
» HAS Y
- H

S o .l. S "'.b;
3 % i ": .
g o “ oot
Q »
o 57
£
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Q

124 Td (sec)
2
© 15+ I 0
o +---- 0,03
L4
> 18

T T T A T
0.000  0.008 0006 0.008 0.012  0.015  0.018
Time(sec)
Fig. 8 Velocity of the occluder tip at the major ori-

fice as a function of time for P,=13.3 kPa
(100 mmHg)

4
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@
2
E
0
El 1S
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H »
=4 >
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0.000 Q.003 0,006 0.009 0.012 0.018 0.018
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Fig. 9 Velocity of the fluid as a function of time for
P..=13.3 kPa(100 mmHg)

Fig. 9 shows the fluid velocity in the major
orifice for the case when p,=13.3 kPa(l00
mmHg). With T,=0.03 sec, the maximum
backflow velocity approaches a magnitude of 2.
5 m/sec. The fluid in this region oscillates dur-
ing closing and the flow profile is very similar
to the major tip velocity profile.

Fig. 10 shows the relative velacity of the fluid
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Fig. 10 Relative velocity of the fluid against the
occluder tip for P,=13.3 kPa (100

mmHg), T;=0.03 sec

against the occluder tip for the case when p,,=
13.3 kPa(100 mmHg) and T;=0.03 sec. The
maximum value is determined at the initial
valve closure and 1s about 6 —7 m/sec.

Fig. 11 shows the closing backflow as a func-
tion of time for the case when Ty=0.03 sec. The
backllow also exhibit oscillations similar to that
of the occluder, but the net backflow volume is
about 4 cc, and this value does not change with
various values of P,. Sabbah and Stein(1984)
have measured the closing backflow to be about
3 cc and reported that the backflow does not
vary with the mean aortic pressure. In their ex-
periments, they used a Bjork-Shiley valve with
orifice diameter of 0.0222m. Because the diame-
ter of the orifice used in this analysis i1s 0.024m,
the caiculated closing backflow appears to be
very reasonable.

The maximum impact force between the
occluder and the struts occurs at point ‘J’, and
it 1s shown in Fig. 12 for the case when p.,=13.
3 kPa(100 mmHg). It was assumed that the
resilience coefficient e is 0.5, elastic modulus

and Poisson’s ratio of the struts and occluder
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Fig. 11 Closing backflow volume as a function of
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Fig. 12 Impact force between the occluder and the
strut during the transient closing phase for

P.,=13.3 kPa(100 mmHg)

were assumed as 209 GN/m, 0.3 and 27.6 GN/
m, 0.23, respectively. To satisfy surface con-
tact, the surfaces of the contacting areas of the
struts might be machined to have equal radius
of curvature with that of the occluder. With this
assumption, all principal radii of curvature were
assumed to be 0.1m and angle ¢ was assumed

to be 0°. The maximum impact force occurs at
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the first impact and are in the range of 140—
280 N. Impact duration is in the range of 35—
45 u sec.

Pao=13.3 kPa(100 mmHg)
Td=0.03 sec

0o (degree)

angle{degree)

Gecluder

T M T : M T
0.000 0.003 0,006 0.008 0.012 Qo5 0.018
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Fig. 13 Angle between the occluder and the valve
housing(f) as a function of time for P,,=
13.3 kPa(100 mmHg), T:=0.03 sec

Pao=13.3 kPa(100 mmHg)
Td=0.03 sec

31 9o (degree)

Closing backflow volume(cc)

-5 T T T M T T
0.000 0.003 0.006 0.008 0.012 0.015 0.018

Time(sec)
Fig. 14 Closing backflow volume as a function of
time for P,,=13.3 kPa(100 mmHg), T:=0.
03 sec

Fig. 13 an Fig. 14 show the plots of occluder
angle and backflow voulme, respectively, for
the case when p,;=13.3 kPa (100 mmHg) and

T;=0.03 sec for various initial opening angle of
the occluder. As the initial opening angle de-
creases, the backflow decreases. With smaller
opening angles, the occluder will reach the fully
closed position earlier and will displace less
amount of" fluid to the ventricular chamber
resulting in smaller closing backflow as would

be expected.
CONCLUSION

In this analysis, transient behavior of mechan-
ical monoleaflet valve was analyzed during the
closing phase. The fluid contained in the con-
verging volume between the occluder and the
wall was considered as a control volume and
the flow was assumed to be laminar and one di-
mensional. Applying the continuity, Bernoulli’s
and momentum equations, the closing backflow
volume and its velocity were calculated. The
backflow volumes are in the range of 1.5—4.1
cc with various Initial opening angles. As the in-
itial opening angle decreases, the backflow vol-
ume decreases. The maximum backflow veloci-
ties are in the range of 3—5 m/sec. The posi-
tion of the occluder as a function of time and
the tip velocity were calculated by solving the
governing equations of motion with the fluid
pressure and equivalent gravitational force as
external forces. Occluder comes to rest after
several oscillations in about 10—18 m/sec after
the 1nitiation of closing. Impact forces between
the occluder and the struts were estimated and
the maximum impact forces occur atl the first
impact and are in the range of 140—280 N. Im-
pact durations between the occluder and the

struts are 1n the range of 35~45 u sec. It was
also possible to calculate the relative velocity of

the fluid against the occluder tip. The maximum
values are in the range of 6 —7 m/sec,

The calculated values of the tip velocity and

—295—



—BT8EE S 1348, 545 10924 —

backflow volume are in agreement to those of
the previously reported experimental results.
Hence, the theoretical analysis employed in this
study appears to be reasonable. The results of
this study may be extended for the analysis of
cavitation, mechanical stresses on the formed el-
ements as well as to estimate the endurance
limit of the prosthetic valve. And these results
can be applied to determine the optimal dimen-
sions and shapes of the struts to minimize the
impact forces. Water hammer effect neglected
in this study will affect the behavior of the
occluder after first impact, and it should be

analized in the future study.
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