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Several factors, including peak dp/dt  of the ventricular pressure and maximum closing 

velocity of leaflet have been studied as indices of the cavitation threshold. In the present study, 

just before closing velocity of the leaflet has been studied as indices of the cavitation threshold. 

and cavitation erosion on the surface of a mechanical valve was examined by focusing on 

squeeze flow and the water hammer phenomenon during the closing period of the valve. A 

simple solenoid-actuated test device that can directly control the valve closing velocity was 

developed, and opening-closing tests of 3,000 and 40,000 cycles were performed at various 

closing velocities. There was a closing velocity threshold to occur erosion pitting of valve 

surface, and its value was about 0.4 m/s in this study. Cavitation-induced erosion pits were 

observed only in regions where squeeze flow occurred immediately before valve closure. On the 

other hand, the number of the pits was found to be closely related to an area of water 

hammer-induced pressure wave below the critical pressure defined by water vapor pressure. 

Therefore, it was concluded that cavitation is initiated and augmented by the two pressure drops 

due to squeeze flow and water hammer phenomenon, respectively. 
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Nomenclature 
b " Gap between a disk and stop (m) 

L : Half  the length of the stop (m) 

p : Pressure (Pa) 

u : Squeeze flow velocity (m/s) 

v : Closing velocity of the disk (m/s) 

p " Density of water (kg/m 3) 
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1. Introduction 

Since the discovery in the 1980s of erosion pit- 

induced fractures in implanted mechanical heart 

valves (Klepetko, 1989), cavitation on the surface 

of mechanical heart valves has been studied as a 

possible cause of pitting. Cavitation is the rapid 

formation and collapse of vapor-filled cavities 

when a fluid is exposed to rapid changes in pres- 

sure below liquid vapor pressure. When cavi- 

tation occurs near a material surface of a mec- 

hanical heart valve (MHV), this rapid collapse 

may cause the generation of a high-speed micro- 
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jet, resulting in the formation of erosion pits on 
the surface of the MHV. Therefore, it is very 
important to investigate the mechanisms underly- 
ing cavitation and pitting in a MHV. 

Recently, several factors, such as the peak dp/  
dt of ventricular pressure and the closing velocity 
of a disk, have been studied as indices of the 

cavitation threshold. Lee and Shu et al. examined 
the cavitation threshold of dp/dt  for different 
commercially available MHVs using strobosco- 
pic photography (Lee, 1994, 1996; Shu, 1994). 
Richard et al. examined the cavitation thresholds 
of dp/dt  in three different MHVs and observed 
the generation of  erosion and pitting (Richard. 
1994). Graf et al. measured the critical disk clos- 
ing velocity inducing cavitation, mainly focusing 
on the pressure drop due to the deceleration of  a 
disk (Graf, 1994). As a disk comes into contact 
with a stop, a region of low pressure can be 
formed by squeeze flow, and hence much interest 
has been shown in closing velocity, which is 
directly related to squeeze flow (Lee, 1994; Lee. 
1996; Makhijani, 1994). Wu et al. reported an 
optical apparatus for measuring the instantaneous 
closing velocity of  Medtronic Hall valves during 
the final 3-degree period before closure as a 

cavitation index (Wu, 1994). From the results of 
the above mentioned studies, squeeze flow from 
a gap between a disk and a stop has been 
recognized as an important factor for the genera- 
tion of cavitation. The results of our previous 
study (lee, 2000) also suggested that the closing 
velocity of a disk immediately before closure has 
significant effects on pitting erosion. 

All of the studies mentioned above were con- 
ducted using a pulsatile pressure-driven device 
such as a mock circulatory loop or a pressuriz- 
ed chamber. In the present study, a simple so- 
lenoid-actuated device that can directly control 
the closing velocity was developed, and the 
threshold of closing velocity was examined by 
observing the formation of cavitation pits alter 
opening-closing tests of 3,000 and 40,000 cycles. 
The mechanism by which cavitation is generated 
was also investigated from measured pressure 
waveforms and microscopic observations of the 

pits. 

2. Materials  and Methods 

2.1 Experimental  system 
As shown in Fig. 1, the experimental system 

Fig. 1 
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Schematic diagram of the solenoid-actuated experimental system. The disk was directly actuated by the 
solenoid, and movement of the disk was measured using a laser displacement sensor 
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was a s imple  in c o n s t r u c t i o n ;  there  were no 

c i rcu la t ing  circuits  or  pressur ized chamber s  con-  

ven t iona l ly  used in a valve test ing system. A 

disk was connec ted  to a so lenoid  (SS-093K-701 ,  

Shinmei  Electr ic)  t h r o u g h  a rod and  direct ly 

actuated by this  so lenoid .  The  disk and  the s top 

were made  of  d u r a l u m i n  and  stainless steel, the 

surface po l i shed  to observe  the surface pit t ing,  

and  thei r  d imens ions  are s h o w n  in Fig. 2. T he  

s top was m o u n t e d  to the hous ing ,  made  of  acrylic 

pipe, and  the hous ing  was fixed to the bo t tom of  

a reservoir  wi th  d imens ions  of  15, 15 and  13 cm 

in width,  length and  height ,  respectively. The  

reservoir  was filled with tap water,  and  experi-  

ments  were per formed at r oom tempera ture .  

Th e  o p e n i n g  and  c los ing ac t ions  of  the disk 

were con t ro l l ed  by the back and  forth m o t i o n  of  

the solenoid.  C h a n g i n g  the power  supply  vol tage 

to the so leno id  con t ro l l ed  its c los ing velocity.  To 

measure  the c los ing  velocity,  we used a laser 

d i sp lacement  sensor  (LB-045,  Keyence Ltd.; res- 

o lu t ion ,  4 ~ m ) ,  which  was placed on the upper  

side of  the so lenoid  and  measured  the movemen t  

of  the disk d u r i n g  a c los ing  period.  Di sp lacement  

s ignals  f rom the sensor  were s tored in a digi ta l  

s torage scope (HP54510B,  H e w l e t t - P a c k a r d )  at a 

s ampl ing  f requency of  100 kHz and  t ransfer red  

to a persona l  compu te r  via GPIB.  A signal for 

t r igger ing the digi tal  s torage scope was ob ta ined  

from the t iming  circuit .  

To  measure  the change  in pressure near  the disk 

surface du r ing  a c los ing per iod,  a piezoelectr ic  

pressure t r ansducer  (105B02, PCB Piezot ronics  

inc.) wi th  a t ip d iamete r  of  2.5 mm and a na tu ra l  

± 

disk stop 

Fig. 2 Dimensions of the disk and the stop, which 

were made of duralumin and stainless steel, 

respectively 

f requency of  250 kHz was used. The  tip of  the 

pressure t r ansducer  was placed approx imate ly  

I mm from the surface of  the closed disk. Pressure 

s ignals  were also recorded by the digital  s torage 

scope at a s ampl ing  f requency of  I M H z  and 

t ransferred  to the computer .  

2.2 Examination of surface pit erosion 
The  exper imenta l  system was opera ted  at 60 

cycles per minute .  The  surl:ace pits were inves- 

t igated after o p e n i n g - c l o s i n g  tests of  3,000 and 

40,000 cycles had  been performed at five different 

c los ing velocities.  Three  to five disks were used 

in each test. In order  to quan t i t a t ive ly  evalua te  

the surface e ros ion  of  the disk, pits were counted  

in an area of  1.5 mm squares  at four  different 

loca t ions  on the surface of  each disk. Al ter  each 

test, pictures  of  the disk surface were taken  using 

a reflected l ight  microscope  (SMZ-10 ,  N i k o n ) ,  

and  pits with  a d iamete r  of  more  than  30/zm were 

counted.  

3. Results 

3.1 Closing velocity of a disk 
An example  of  disk movemen t  dur ing  a c los ing 

per iod  is shown  in Fig. 3. The  c los ing dis tance  of  

3 

Fig. 3 

l0 20 30 40 50 

Time (ms) 

A trace of disk movement when the solenoid 

was driven by 20 volts. The distance between 

the disk and the stop was set to 4ram. The 

disk was accelerated and made contact with 

the stop at an almost constant speed and then 

rebounded. The mean velocity of the disk 

during the last 0. 3-mm interval before valve 

closure was defined as disk closing velocity 
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Relationship between closing velocity of a 

disk and driving voltage of the solenoid 

the disk was set on 4 mm. As s h o w n  by the s lope 

of  the curve, the speed of  the disk increased with 

t ime after the so lenoid  had  been actuated and  that  

of  the disk was reduced before valve closure,  in 

this  study, the mean  velocity of  the disk d u r i n g  

the last  0 . 3 - m m  interval  before valve c losure  was 

defined as c los ing velocity of  the disk. T he  c los ing 

velocit ies of  a disk at var ious  d r iv ing  vol tages  of  

the so lenoid  are shown  in Fig. 4. The  dr iv ing  

vol tage of  the so lenoid  var ied from 5 to 20 volts,  

and  the c o r r e s p o n d i n g  c los ing velocit ies var ied 

from 0.37 to 0.71 m/s .  T he  reproduc ib i l i ty  of  

velocity at each dr iv ing  vol tage was good,  as 

indica ted  by the er ror  bars  tha t  were ob t a ined  

from twenty measurements .  

3.2 Pressure  w a v e f o r m  

An example  of  the pressure waveforms  mea- 

sured near  the disk surface d u r i n g  a c los ing 

per iod  is s h o w n  in Fig. 5. Po in t  B in Fig. 5 

indicates  the m o m e n t  tha t  the disk made  con tac t  

wi th  the stop, resul t ing in the genera t ion  of  im- 

pact sound.  Negat ive  pressure due to squeeze f low 

was genera ted  and  was a lmost  cons t an t  for abou t  

0 .1- -0 .2  ms immedia te ly  before the con tac t  (sec- 

t ion  A - - B  in the Fig. 5). Then  the negat ive 

pressure due to a water  h a m m e r  p h e n o m e n o n  

(flow dece lera t ion  induced  by the disk sudden ly  

s topping)  g radua l ly  increased and  decreased for 

abou t  0.5 ms even after the valve had  closed. 

Thus ,  the pressure d rops  due to squeeze flow and  

due to the water  h a m m e r  p h e n o m e n o n  were fairly 

well separated.  

2.0 ................................................................................................. 

1.0 

-1.0 

-2.0 
0 

Fig. 5 
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A pressure waveform measured beside the 

stop at a closing velocity of 0.71 m/s. The 

section A ~ B  indicates the pressure drop due 

to squeeze flow. The disk makes contact with 

the stop at point B, resulting in generation of 

impact sound. The pressure drop of section 

B ~ C  is due to the water hammer pheno- 

menon caused by the sudden stopping and 

rebound of the disk. Point C denotes the level 

of critical pressure defined by water vapor 

pressure 

Pressure wave tb rms  measured  at the var ious  

c los ing  velocit ies are s h o w n  in Fig. 6. The  nega-  

tive pressure due  to squeeze flow (closed circles) 

g radua l ly  increased wi th  increase in c los ing ve- 

locity of  the disk bu t  was not  s t rongly  dependen t  

on  the c los ing  velocity. The  measured  pressure  

d r o p  did  not  reach  the cri t ical  pressure ( - - 7 3 6  

m m H g  at 25°C) tha t  is de t e rmined  by sa tura ted  

water  v a p o r  pressure,  because  the pressure  d r o p  

was measured  at l mm from the disk surface. 

Therefore ,  the ac tual  pressure  at the surface was 

likely have  decreased more  than  the measured  

pressure as is discussed in detai l  in a later section. 

C o m p a r e d  to the pressure d r o p  due to squeeze 

flow, pressure  d rop  due to the water  h a m m e r  

effect shou ld  not  be s ignif icant ly  dependen t  on  

the d is tance  from the disk surface because  the 

pressure  d r o p  is de te rmined  by mass  of  fluid 

c o l u m n  be low the disk and  dece le ra t ion  of  water  : 

the l m m  separa t ion  from the  disk surface to 

the sensor  t ip was m u c h  smal ler  than  the  length 

of  the water  co lumn.  Therefore ,  we conc luded  

tha t  the changes  in pressure genera ted  by the  

water  h a m m e r  effect were correct ly  measured.  The  

pressure d rops  were greater  than  the  cri t ical  
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Fig. 6 Negative pressure drops due to squeeze flow 

(closed circles) and water hammer pheno- 

menon (open circles), and negative pressure 

duration (triangles) below the critical pres- 

sure, at various closing velocities of disks. 

Pressure drops due to the water hammer 

phenomenon were greater than ihe critical 

pressure except for at a disk closing velocity 

of 0.37 m/s. The duration below the critical 

pressure increased with increase in disk clos- 

ing velocity 

pressure except for that at the closing velocity o f  

0.37 m/s .  In accordance with the increased clos- 

ing velocity of  the disk, not only the magni tude of  

negative pressure but also the durat ion o f  negative 

pressure below the critical pressure (section B--  

C) significantly increased. 

3.3 S u r f a c e  eros ion  pits  

After tests of  3,000 opening-c los ing  cycles, ero- 

sion pits were observed on the surface of  a disk 

when the disk had been actuated at closing veloc- 

ities faster than 0.45 m / s  (Figs. 7(b) -- (c)) .  No 

pits were observed at 0.37 m/s .  In the photo-  

graphs, the dots inside the circle are erosion pits 

made by cavi tat ion bubble. No pits were observed 

even after 40,000 cycles, when the disk had been 

actuated at 0.37 m/s .  Thus, there was a threshold 

velocity inducing erosion pits around 0.4 m/s .  

Photographs of  the surface of  the disk after 40,000 

opening-c los ing  cycles with closing velocities 

above this threshold are shown in Fig. 8. An 

enlarged photograph  of  a pit is also given, in 

Fig. 9, with a cross-sect ional  profile that was 

(a) closing velocity : 0.37 m/s 

(b) closing velocity : 0.45 m/s 

Fig. 7 

[ ] TBIll j 

(c) closing velocity : 0.57 m/s 

Photographs of a disk surface t~ear the edge of 

contact with the stop after an opening-closing 

test of 3,000 cycles. No pits were observed at 

a closing velocity of 0.37 m/s (a). In the case 

of closing velocities of more than 0.45 m/s, 

pitting occurred as indicated by the circles. 

Arch-shaped black portions are areas of con- 
tact with the stop 

measured using a microscope profi lometer  ( V F -  

7510. Keyence).  The black port ion on the surface 

of  the valves shown in Fig. 8 is the area o f  con- 

tact with the stop. The  ai'ea in which erosion pits 

were generated was restricted to near the inside 

edge of  contact  with the stop. In the case of  

closing velocities of  0.45, 0.57, 0.65 and 0.71 m/s ,  

erosion pits were found in ranges o f  0.3, 0.36, 0.5 

and 0.78 mm, respectively, far from the edge of  the 

stop. 

The number  of  pits with diameters of  more than 
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(b) closing velocity 0.57 m/s  

(c) closing velocity : 0.65 m/s  

Fig. 8 

i l h i m  

(d) closing velocity : 0.71 m/s  

Photographs of a disk surface near the edge of 

contact with the stop after an opening-closing 

test of 40,000 cycles at disk closing velocities 

of more than 0.45 m/s. Arch-shaped black 

portions are areas of contact with the stop 

30/.tm that  were p roduced  at different c los ing  

velocities is s h o w n  in Fig. 10. After  bo th  3,000 

and  40,000 o p e n i n g - c l o s i n g  cycles, the n u m b e r  of  

pits exponen t ia l ly  increased with an increase in 

the c los ing velocity of  the  disk. 

Fig. 9 Enlarged microscopic image of a pit. The 

curve shows the cross-sectional profile of the 

pit. A scale of 3 / a n  in depth is indicated by 

the vertical arrow. The pit diameter and depth 

were 62 and 8/zm, respectively, and the area 

surrounding the pit was also deformed 

80 

"~. 60 

2o 
< 

0.4 

Fig. 10 

0.45 0.5 0.55 0.6 0.65 0.7 0.75 
Closing velocity (m/s) 

Average number  of pits with a diameter of 

more than 30 ,urn plotted against disk clos- 

ing velocities alter opening-closing tests of 

3,000 cycles (open circles) and those of 40, 

000 cycles (closed circles). Pits on the disk 

surface were counted in an area of 1.5 mm 

squares. Counts at tour different locations of 

3 4 5 disks, using in each test, were averaged 

4. Discussion 

As s h o w n  in Fig. 5, the pressure d rops  due to 

squeeze flow and  due to the water  h a m m e r  

p h e n o m e n o n  were fairly well separated.  However ,  

the pressure  d rop  due  to squeeze flow did  not  

reach the cri t ical  pressure  (Fig. 6). As descr ibed 

in the sect ion on  results of  pressure  waveform,  

this  is because the t ip of  the pressure  sensor  was 

placed 1 mm from the surface o f  a closed disk. Jet 

flow squeezed from a n a r r o w  gap is restr icted to 



Examination of  Cavitation-Induced Surface Erosion Pitting of a Mechanical Heart Valve Using a ... 1345 

80 

"~ 60 

e -  

. . . . . .  

< 

o ~  
0 1 2 3 4 5 

Integrated pressure wave (xl0 "2 mmHg • s) 

Fig. 11 Average number  of pits with a diameter of 

more than 30/zm plotted against integrated 

pressure wave below critical pressure. The 

number of pits increased with increase in 

magnitude and duration of pressure drop 

and was proport ional  to the area of the 

pressure wave below critical pressure 

{  ,sk ¢ 
[ \  ~"-~ ; ~" !- ~".u'O" ---~:u.(x) 

• ~top ~t . . . . . . .  J' 

I 
Fig. 12 A model of jet f low squeeze from a narrow 

gap between a disk and a stop. b : gap : L : 

half the length of the stop ; u (0) :  uniform 

velocity at x = 0  ; um (x) : peak velocity at x 

an area near  the disk surface, and  flow velocity 

decreases rapid ly  with increase in the dis tance  

from the disk surface (Fig. 12). Therefore ,  the 

actual  pressure d rop  induced  by urn(x) near  the 

disk surface was likely to have been much  greater  

than  the pressure d rop  measured,  as es t imated 

below. Where  urn(x) is m a x i m u m  velocity at 

d isrance x. 

Assuming  a un i fo rm flow from a gap, we ob-  

ta in  the fo l lowing  s imple  equa t ion  with respect to 

squeeze flow velocity u :  

r r db ( 0 < r < L ) ,  
u ( r ) = 2 b  V = 2 b  dt  

(i) 
L db 

u (0) -- 2b dt  

where b is the  gap  be tween  a disk and  stop, L is 

ha l f  the length of  the stop ( 2 L = 1 . 5 ×  10 -3 m) ,  

and  v is the c los ing  veloci ty of  the disk. F r o m  the 

Bernoul l i  equa t ion ,  the  pressure  d rop  due  to 

squeeze flow can be wri t ten  as fo l lows :  

1 2 l ( ~ a b ~  ~ 
P = - - T  #u  = - - 2  # \ 2b dt  / (2) 

where  p is the densi ty  o f  water.  W h e n  a flow 

velocity u is faster than  14 m / s  ( u  = ( 2 p / p )  1/2_ 

14 m / s ) ,  the pressure  falls to the cri t ical  pressure.  

Th i s  flow veloci ty is widely used in the field of  

cav i t a t ion  eng ineer ing  as a cri t ical  fluid veloci ty 

at which  cav i t a t ion  bubb l e s  may be generated.  

In the present  study, we measured  the movemen t  

of  disks. Th i s  enab led  us to o b t a i n  the ins t an tan-  

eous veloci ty of  disks by d i f fe rent ia t ing  thei r  

m o v e m e n t  traces. An  example  of  the ins t an tan-  

eous velocity a r o u n d  the m o m e n t  of  con tac t  is 

s h o w n  in Fig. 13. Immedia te ly  before the contact ,  

the disk did  not  a p p r o a c h  the  s top at a cons tan t  

speed but  at a dece lera t ing  speed, p r o b a b l y  due 

to acce lera t ion  of  squeeze flow a n d / o r  viscosi ty of  

water  as it neared  the contact ,  then r ebounded .  

Subs t i tu t ing  the i n s t an t aneous  gap and  velocity 

exper imenta l ly  ob ta ined  into eq. (2) ,  we ob ta ined  

pressure  d r o p  as s h o w n  in Fig. 13(b) .  Curves  o f  

o ther  c los ing velocit ies were also examined  in the 

same manner .  

The  pressure  rap id ly  fell to the  cri t ical  pres- 

sure at 0 . 1 - - 0 . 2 m s  before contac t  (Fig. 13 (b ) ) .  

This  es t imated du ra t i on  o f  pressure d r o p  due to 

squeeze flow agrees well with  the exper imenta l  

results (sect ion A - - B  in Fig. 5). The  gaps in 

which cri t ical  squeeze flow was a t ta ined  were 

read from the movemen t  traces and  were 15, 16, 

17, 20 and  22 /zm in the case of  mean  c los ing 

velocit ies of  0.37, 0.45, 0.57, 0.65 and  0.71 m/s ,  

respectively. In spite of  the  decreas ing  velocity of  

a c los ing  disk, it was es t imated that  the pressure 

can easily d rop  to the cri t ical  pressure  at gaps of  

a few tens of  micrometers  and  tha t  the pressure 

d r o p  is accelerated as the gap  approaches  com- 

plete closure.  However ,  a m a x i m u m  pressure  d rop  

at the m o m e n t  of  con tac t  c a n n o t  be ob t a ined  from 

equa t i on  1 because  the equa t i on  is d ivergent  when  

b = 0 .  As for the b e h a v i o r  of  a valve at contact ,  
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(b) closing trace and theoretical pressure drop 

Calculated dynamic behavior around the 

moment of Contact. Instantaneous closing 

velocity of a disk (a), squeeze flow velocity 

(b) and pressure drop (b) were calculated 

from the measured movement (a) of the 

closing disk using eqs. 1 and 2 
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Fig. 13 

Makhi jan i  et al. reported, based on results of  

numerical  analyses, that a valve does not  com- 

pletely close but rebounds with a gap of  several 

/zm even at the moment  of  "contac t"  (Makhi jani ,  

1994). When there is a small gap, the pressure 

drop theoretical ly estimated by Eq. (1) is l imited 

to a certain finite value. Al though  the exact mag- 

ni tude of  pressure drop was not able to be ob- 

tained in this study, it was concluded that the 

15tessure drops sufficiently below the critical pres- 

sure, resulting in format ion of  bubbles and cavi- 

tation. 

G r a f  et al. has reported that the closing velo- 

city o f  the commercia l  M H V s  was about  1.5-- 

2:0 m / s  as cavi tat ion threshold (Graf, 1994). In 

this study, there was a closing velocity threshold 

to occur erosion pit t ing o f  valve surface, and its 

value was about  0.4 m/s .  This difference value o f  

critical closing velocity contr ibuted to differ from 

the geometrical  shape of  leaflet• 

Erosion pits formed only in a region close to 

the inside edge o f  the stop, and the area in which 

pits were observed increased with increase in 

closing velocity. These results also suggest that 

cavitat ion is induced by squeeze flow. If cavi- 

tation were induced only by the water hammer  

phenomenon,  erosion pits would  be observed 

over  the whole surface of  a disk. However ,  pit 

format ion was restricted to an area beside the 

edge. Therefore,  squeeze flow is a very important  

factor for initiating cavitation• On the other  hand, 

the pressure drop caused by the water hammer  

phenomenon  is also thought  to have an important  

effect on cavitat ion because the integrated pres- 

sure was correlated well with the number  o f  pits 

(Fig. l 1). This speculat ion is also supported by 

the fact that no pits were observed when the 

pressure drop due to the water hammer  pheno- 

menon did not reach the critical pressure as 

shown in Figs. 6. As shown in Fig. 6, not only 

the magni tude o f  negative pressure but also the 

dura t ion below the critical pressure increased 

With increase in closing velocity. Therefore,  we 

hypothesize that an integrated pressure wave 

area below the critical pressure is significantly 

related to the number  of  pits. Figure 11 shows 

results plotted against the integrated pressure 

approximately  linear relat ionship wave area. An 

was obtained.  

Based on the above ment ioned results and their 

interpretations, we propose the fol lowing possible 

mechanism by which cavi tat ion is generated in a 

mechanical  heart valve. 

(1) When pressure drops below the critical 

pressure due to squeeze flow just before the 

closure of  a disk, bubbles are formed (section 

A - - B  in Fig. 5). 

(2) I'f negative pressure below the critical 

pressure is sustained by the water hammer  pheno- 

menon,  the growth of  bubbles occurs (section 

B - - C  in Fig. 5). 

(3) When the bubbles are exposed to posit ive 

pressure, the bubbles suddenly collapse, and 

micro- je ts  are generated. These micro- je ts  may 

cause the pits on the surface o f  the disk. 

As shown in Fig. 10, the number  of  pits was not 
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proportional to the number of opening-closing 

cycles. Even when the difference between open- 

ing-closing cycles was more than 10 fold, the 

difference in the number of pits formed was only 

two to three fold. Furthermore, the results of 

additional evaluation of surface erosion showed 

that no pits of more than 60/.tm in diameter were 

formed after the 3,000 cycles test, whereas many 

pits larger than this size were formed after the 

40,000 cycles test. These results suggest that 

overlapped multiple pitting occurred at the same 

site and that there is a possibility that deeper and 

wider erosion pits are formed in the case of long- 

term exposure to cavitation. 

As discussion above, both squeeze flow and 

water hammer phenomenon have significant 

effects on the formation of pits in MHVs. The 

closing velocity of disk closely related to these 

two factors, and hence the closing velocity is one 

of the most important parameter for determining 

cavitation threshold. Despite limited applicability 

to commercially available MHVs, the solenoid- 

actuated apparatus developed in this study can 

directly control the closing velocity and is a useful 

experimental system for collecting basic data for 

improvement of an MHV design so as to suppress 

the occurrence of cavitation. 

5. Conclusion 

Surface erosion pitting of a mechanical heart 

valve was examined using a simple solenoid- 

actuated apparatus that can directly control the 

closing velocity of a disk. Pit generation due to 

cavitation was restricted to an area on the disk 

surface beside the edge of the stop where squeeze 

flow occurred, and pits were observed. These 

results demonstrate that both squeeze flow and 

water hammer phenomenon are essential factors 

for formation of erosion pits in a mechanical 

heart valve. The closing velocity of a disk, which 

is closely related to these two factors, is one of the 

most important parameters for determining a 

cavitation or pitting threshold. It was also de- 

monstrated that the number of pits is proportion- 

al to the area of the pressure wave below the 

critical pressure. Because experimental system we 

used was a simple, there was no circulation of 

fluid, so that our results may differ with that of 

circulation system. In future, we have to pertbrm 

with commercial mechanical heart valve in circu- 

lation system. 
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