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Experit nental rC's ulLs on t hC' now fields close to p rosthcLic hearL valves measured 

by means of P a rt icle Image Velocimetry (PIV) a re reported . The a Ltention is 

a lso focused on t he different mock- loops entployed Lo simula te t he whole systemic 
circulation. Four experiments a rc reportC'cl : a pu l. eel jet wi th focusing onto the 

fo rcing mecha nism simula tion ; a left vent ricle wit h mit ra l a nd aortic prosthetic 

va lves; two different mock- loops for Hortic valves tC'st ing. T he obtained results 
indicate' that P lV ca n giV(' result s usC'ful for biomedical evaluations not only in 
terms of mean field but al so for highC'r-order stat istics, i.e . in respect to t he 

evaluation of damages on blood cells. 
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1. Introduct ion on Heart Valve F lows 

In this pa per , experiments on artificial heart valves and on the way iu 

which these eau be siumlatcd by au ar t ificial appara tus arc considered. T he 

relevance of these experiments is multi plc: from the scient ific point of view, 

t here arc several complex fluid-mechanics phenomena which take part close 

to heart valves a nd arc sti ll unclear: from the social point of view. a proper 

characterisation of implantable prosthet ic heart valves i · required to save pa

tient s from critica l hea lth conditions; from the technological point of view, 

biomedical devices involve advanced solut ion which must be investigated by 

comparable advanced measurement and data analysis tcchniq11es. To attain 

these aims. a st rict coupling between cl ifl'erent approaches must be consi

dered: nu n1crical and experimenta l methods . experimental invest igations in 

physiological ("·in vivo") and in simulated ("in vitro'') conditions, agreement 

on testing conditions and proccd urcs. 
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In this section , the physiological behaviour of the heart and t he working 
condi t ions of heart valves arc summarised. In Sec. 2, the requirement for 

proper "in vitro" testing of artificia l heart valves are considered. In Sec. 3, the 

experimental technique and the relevant measurement problem arc briefly 

presented, whereas in Sections. 4 to 6 results on different mock-loops are 

reported . Remarks and fu t ure developments end the paper. 

The operative cond itions of t he heart give origin to the cardiac cycle 

which is a complex sequence of events involving the heart itself and the 

whole organism. T here arc four heart valves involved in t his cycle; in Fig. 1 

the interior of the heart with the heart valves is shown. It is possible to 

notice the two atrial-ventricular (AV) valves (t ricu p ie! and bicuspid or mit

ral) which separates right and left atrii from ventricles, and t he two valves 

which allows blood to be pumped to lungs (pulmonary valve) and to t he 

whole body through the aorta (aortic valve) . As can be observed from the 

right part of the figure, t here is a substantial difference among the tricuspid 

(and mit ral) valves, having fi lamcntcd leaflets (flap of t issue which constit ute 

the valve), and t he aorti (and pulmonary) valves which have a three leaflet 

configuration . T he geometry of all valves is far from axia l-symmetry; this is 

a very important point which must be considered in performing experiments 

on a rtificial valves. 

The cardiac cycle i. illustrated in Fig. 2, in which the non oxygenated 

blood (in blue) from t he body enter into the right s ide of the heart (at t he 

beginning the atrium and t hen the ventricle) , while simultaneous ly the left 

part is fill ed with the oxygenated blood (in reel ) from the lungs . At this time, 

the AV valves a re open while the other two are closed. After blood fi lls t he 

FIGURE 1. Internal division of the heart (on t he left) and view of the four heart 

valve (on t he right) (from G UIDA 1T, www. guidant. corn). 
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the atria contracl ana blood nows into your venbicles. ..vhen the ventricles are 1\JII, the atriOYenbicut~ 
valves close creatin the nrst heart sound ·Lutlb.· 

F IGU R E 2. T he cardiac cycle with oxygenated (red) a nd non oxygena ted (blue) 
blood Rowi ng into and from the heart (from C ID ANT, www. guidant. corn). 
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F'IGURE 3. 13chaviour of ECG signal, ventricular and aortic pressure (with 
expanded detail) and aortic flow rate during the cardiac cycle (from Ill 
www. engnetbase. corn) . 

ventricles, the AV valves close and t h<' other two open (d ue to t he pressure 

difference between the vent ricle and the regions downstream the valves them

selves): oxygenated blood flows into the aorta, while non-oxygenated blood 

is directed towards the lungs. T hen , the valve~-; close and the cycle can start 

again. 

As already written and as reported in Fig. 3. this cycle is controlled by the 

pressure difference among atrium ancl ventricle a nd the pressure cliffcrcncl' 

among ventricle and aort ic root; rough ly speaking, the part of t he cycle in 

which the atrial press m(' overcome!-; the ventricular one i:-, called diastole (AV 

valves arc open), while the part in which the ventricu lar pressure is larger 

tha n the aor tic pressure iH called systole (the aortic val vc opens) . In the figure 

the echo cardio-graphic (ECG) trace and the correspouding aort ic flow rate 

arc a lso reported. The whole cycle gives rise to a strong unsteady, almost 

periodic (not sinusoidal) bcha.viom of t he considered quautities (pressures. 

flow rates. ECG signals) which must be tak<'n into account in simulating 

experimentally heart flow conditions. 

The blood which is :-;ent to t he body is flowing into a complex 1-;y:-;telll with 

smaller a nd smaller vessels (arteri(•:-; and veins) which ended with arterioks 

and capillaries as schcmatically given in Fig . .J. This complex system (which 

has many s imilarities with complex hydraulics distributiou:-; :-;ystcm:-; or net:-;) 

has three main effects to be considered in experiments on heart n tl vc:-;: 
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G U I O AN T 

F'1c RE 4. A implificd chcmat,ic of t he blood circulation (from G LOA T, 
www.guidant.com) 
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• the resistance to the Aow due to the whole system (vascular resistance); 

• the deformation of the wall of large arteries (ar terial elast icity); 

• the acceleration and deceleration of the blood into the vessels due to 

the cardiac cycle (arterial inertance) . 

T hese effects must be also taken in account for a proper exp rimental 

simulation of the heart working conditions. 

Retuming to the problem of the art ificial heart valves, it must be consi

dered that not only they have to resemble, as much as possible, the geometry 

of t he problem, but also t he A.ow induced phenomena. In part icular, in Fig. 5 

it i · shown how ome of the existent art ificial aortic valves can a lter the 

physiological behaviour of the A.ow; t his will results in blood stagnation or 

recirculation wh ich can generate thrombus and hemolysis, in energy losse 

through t he valve in addit ion lo bio-compatibili ty problems. Consider for 

example the cage-ball or the tilting disk Aows in comparison to the natural 

norm al case. This is why the recent advances in the field are towards bileaflet 

or even lrileaflet valves which are more trictly related to the phy iological 

case. The presence of the Valsalva sinuses (the cavities which incorporate 

the leaflets when opened in the natural case) also make t he situation more 

complex in the a rt ificial case (art ificia l leaflet do not open in t he sinuses). 
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FICLRF: f.i. Different artiririal aortic ndvcs: photographs bcfor<' implantaliou (at 
Lhe top) and schematic of the flow behaviour aftpr implantation (at tlw hot tom) 

(from llJ 111111. engnetbase. corn). 

2 . Artificia l Simulation of t he Syst em ic C irculation: Pulse Du
plicators 

Summarising the pn'vions requirements. to mimic: physiological fiow con

dit ions close to heart valves by nwans of a flow (hydraulic) circuit it is nc

ce;;sary to: 
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• simulate the unsteady cardiac cycle. in terms of beat frequency and 
stroke volumes, with proper forci ng; 

• simulate the blood pressmt>s at se\'eral positions of the simulating cir

cuit by proper set-up of the circuit itself; 

• simulate the physical proper! ies of the blood (i.e. density and viscosity) 

with a fluid which is effecti,·e to perform measurements with available 

techniques: 

• simulate the vascular resistance with proper circuit elements (resistan

ces) : 

• simulate the arterial elasticity with proper circuit elements (compliance 

and reservoirs); 

• simulate the arterial inertance with proper circuit elements (induc

tance); 

• simulate the complex geometry of the heart and of the init ial part of 
the aorta with proper ttlodels; 

• perform correct s tat istical analysii:i which takes into accounts the pecu
liarities of the considered signals and fields. 

The previous requirements (need for resistance, compliance and induc

tauce) frequently lead to the so called electrical analogy to account for t he 
si milarity among the two cases [5 , 6]. 

These requirements ha rdly can be sat isfied simultaneously. Historically, 

the first sysLellls aiming to silllulate the systemic circulation (also called pulse 

duplicators) do not consider the unsteady nature oft he cons idered flow field. 

In Fig. 6. the pulse duplicator developed at Helmholtz Institute in Aachen 
by Reul et al. [2. 3[ is shown. It consists of t he aortic valve and root, fluid 

resistance and reservoir and forcing steady pump. The valve is mounted in 
a horizontal (non physiologica,l) position. This apparatus was mainly used 

for visualisations and pn'liminary investigations. 

Rather early the first unsteady pulse duplicators were developed; in Fig. 7. 

the one from l he same J nstitutc is shown consisting of atrial-ventricular 

models, aortic root model. compliances. rcsistances and inductances with 

unsteady adjustable forcing. The aortic and mitral valves arc mounted iu 

the vertical (physiologically correct) position. This system i very complete 

but also quite difficult to coutrol. Some control parameters and velocity field 

results obtained with this mock-loop will be given in Sec. 6.2. 
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FIGURE 6. The l-l elmholtz Insti tute Aachen tcady flow pulse duplicator (from 
Ill a nd f21). ( I ) Flow inlet diffuser, (2) honeybomb, (3) inlet tube, (4) heart valve 
mount ing ri ng, (5) model aort ic root, (6) downstream measuring system , (7) 
bifurcat ion with optical observation wi ndow, ( ) viewport allowing observation 
and recording of valve opening cha racteristics, (9) rotameter, (10) fluid reservoir. 
(11 ) cent rifugal pump, (12) t hrottle valve. 

Pulse Duplicator 

F IGURE 7. The recent Helmholtz ln titute Aachen unsteady flow pul e dupl icator 
(from 131). 
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SCHEMATIC DIAGRAM OF THE SHEFFIELD PULSE DUPLICATOR Control valve 
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F!CL'RE 8. The ShC'ffiC'Id UnivPrsity lll lStC'ad,· flow pulsP duplicHlor ( from I4J). 

In Fig. 8 . the mock- loop clevelopcd at the University of Sheffield is shown: 

it is q uite sintila r to the previous one except for the horizonta l placement of 

t he• valve, the absence of vc'ntricle with geometriC' similarity and the use of 

a rotating rat her than linear motor. Some eo ut rol pa rameters and velocity 

field rc•sults obtained with this mock-loop (namely the one at Istituto Supe

riore di Sanita' (JSS) in Italy) will be given in Sec. 6.1. 

Commerc ia l mock-loop started to be developed; a n example is in Fig. 9. 

in which the ViviLro system with sinndated lcft atrium a nd ventricle. com

plianC'cs all(] rcsistanccs a nd forced by a waveform generator is shown . The 

aortic and 111 it ra l valves a rc placed in th e w rt ical physiological position. 

The standard measurPment conditions to tC'st heart valve Aows arc the 

followi ng: cardiac output from 3 to I min. beat frequency eq ua l to about 

70 llz, systolic cl uration equal to about 300 ms. mean aort ic pressure C'Cpta l Lo 

100 mmllg a nd mean a tria l pressure eq ua l to about 10 mmi-Ig. The working 

fluid is usual ly a water-glycerine mixture which ensure (at a mbient tem

pcntture) ma tching with viscosity and density of blood and simultaneous 

transparenc)' for measm C'meut with optical methods. 
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F IGURE 9. The commercial Vivitro unsteady flow left heart simulator ( from Ill 
www. engnetbase. corn). 

3. The Experimental Technique : Part icle Image Velocimetry 
(PIV) 

It is not within the scope of this paper to describe the experimental 
techniques used in this inve tigation which arc under the name of Particle 
Image Vclocimetry (PIV). The reader is referred to [14, 15] and references 
therein for details. Here, only the main principles and specific problems for 

the considered investigation arc reported. 
In Fig. 10, a schematic of P IV is given: the flow is seeded with proper 

t racer particles (seeding) which have to follow t he flow as much as possi

ble. Providing that the test section is transparent, particles are illuminated 

by a strong light source (usually but not nece arily a laser). Images of the 
flow arc taken by a vidcocamera which can be synchroni eel with the laser if 

light pulses a re used or with a high rate framing in the case of coutinuous 

illumination (High-Speed PIV) . Images contain positions of framed part icles 
at two or several instants; by determining t he distance between po itions in 
consecutive frames it is possible to obtain the velocity of the part icle · them-

elves (the time interval between laser pulses or camera frame is known). To 

perform the displacement determination , dedicated oftwarc have been de
veloped by many univcr it ics and producers; cross-correlation fu nctions a llow 
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image acquisition and test section 
analysis system 

videocamera 

FIGURE 10. Schematic of a PlY system. 

to derive the displacement of a group of particle stat istically (proper P IV), 
whi le ingle particle displacement can be derived by tracking the particle 
along their trajectories (Par t icle Tracking Velocimetry, PTV). 

The PIV technique is optical, non int rusive (except for the tracer parti
cles), is linear without need for calibration and give two- or three-d imensional 

(Stcrco-PIV) velocity field . In the context of measurement in ·mall vc scls 
for biomedica l applications, the following points mu t be con idered with 
care: 

• image distortions due to the curved geometry of the vessels· 

• light reflections from the background and from the walls of the vessels. 

In F ig. 11 , an example of the former distortion at t he aort ic root is given; 
it is clear how the curved geometry makes distor ted the grid placed inside 
the vessel (made by glass blown). To avoid this, in t he second part of t he 

figure, the inner and outer part of the glass blown aorta have been filled with 
a water-glycerine mixt ure which ensures a much better index matching. 

In Fig. 12, the second problem i considered; in the first figure the aortic 
root field (valve at the top) shows many reflections from the walls and also 

internal to the test section (due to the curvature of the section) . In the 

second part of the figure, the subtraction of the minimum intensity in each 
pixcl , evaluated over a sample of 50 images of t he fiowing part icle , allows to 
eli minate almost all reflections. This helps a lot in determining the particle 

clisplacements both with P IV and PTV. In the th ird part of the figure, an 
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Empty root Root wit h g lycerine 

FlCt ' HE 11. Image distortion due' to glass blown aortic root geornetry (left) 

ami index-matching correction with watPr-glycPrille mixture (right) (from I I 
www.engnetbase.com). 

F'lGl 'HE 12. An installtHJH'ous imagp of tracpr particles in tlw aortic root of 

tlH' Shrffield typ<' pulse' duplicator at ISS (at the top), image after backgrou11d 

(llrillillllllll illt PIIsity) subtraction (at tlr(' bottom left) and automatic 111ask i11ragp 

(at th(' bottom right). 

automatic mask has been ckriwd for the con~iclered field: this proced ure 

allows to compute the flow field onl.\· \\'here the mask i~ white (test ~ection) 

and to HYoid the computation onhide the interest field (black region ). 

Image pre-procc~sing (al-i >veil as illlap,c' post -proccs~ing) a,'i that depicted 

previously. can give large im provcment iu the determination of vcloci ty fields 

wit h PI V re lated techniques. 
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4 . Investigation on a Pulsed Jet 

The first experimental results concern with a quite simple flow condi t ion , 

a pulsed jet from an orifice: this set- up has been considered to investigate the 

effect of the forcing signal shape and amplitude on the resulting flow field . 

In Fig . 13. the experiment a l sel- tlp used for t his experiment is shown: it 

consist s of a piston driven by a synchronous linear programmable motor (ar

bitrary shape, amplitude and frequency) which forces the flow into an orifice: 

the hydra ulic circuit is completed by valves to reduce regurgita tion a.'i much 

as possible. T he peak Rcynolds mun bN is equal to 2.5 x 104 ; conventiona l 

cross-correla tion PIV has been used. Details a re given in [9, 12. 131. 

In Fig. 14 the used forcing signal displacements and velocities arc given: 

they arc s inusoidal, exponentia l. ramp1 (faster) and ramp2 (slower). Each 

imposed signal consists of 1000 d ata points with feedback cont rol (digital 

optical encoder) ensuring 0.1 o/c. devia tion from the imposed signal. T he ·c 

signa ls have been selected to reproduce flow rate da ta which can occur in 

simulating heart valve flows. 

An overview of the flow field downstream the orifice is given in Fig. J 5: 

each of t he plots is obtained as pha.sc averaging (averaging a t the same posi

t ion of t he piston) of 50 instantaneous fie lds. The vector and vorlicity fields 

show a vortex ring (on the plane only two counter rota ting vort icc ·) trav

els from right to left. It is followcd by a trailing jet . i.e. two shear layers of 

distribut ed vorlicity. 

Couceming averages and sla t ist ics evalua tion. it is important to point 

40 

110 

FI C: URI:: 13. T he ex prrilll('n tal sd -up for t he pulsed j et con figuration. 



http://rcin.org.pl

176 

1,2 

0,8 

... 
"' 0,6 E 

~ 0,4 
~ 

0,2 

0 

-0,2 

0 

" 
0,5 

"' E 
c. 0 ;::: 
c. 
::J 

-0,5 

-I 

-I ,5 

0 

0,2 

G.P. ROMANO 

0,4 0,6 

tff 

0,8 

-Sinusoidal - Ramp I - Ramp2 - Exponential 

0,2 0,4 0,6 

tff 

0,8 

- Sinusoidal - Ramp I - Ramp 2 - Exponential 

1,2 

1,2 

FtG UR" 14. T he forcing signals for the moLor: d isplacement (at t he Lop) <:md 
velocity (at the bottom). 

out two aspects: first of all. phase averaging is strictly required to capture 

the correct velocity fi elds in pulsating Aow conditions. Usua l time averaging 

would give non useful results. This means that the mot ion of the driving 

system must be coupled with the image acquisition system. Secondly, the 

number of images required for statistics could be crucial. 

To this end , in Fig. 16, the vertical (tran verse) mean velocity is given 
for a number of phase averaged images from 10 to 1000; th e overa ll field is 

independent on t he number of employed samples for statistics. 
~ 
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P IGUR8 15. O verview of the phase averaged velocity vector and vor t ici ty fields 

at fom d i ffe-rent phas<'s for the sinusoidal forcing (Aow rate <'qual to 70 m!) . !\ lean 

Aow from t he right . 
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T his is also confirmed by Fig. 17, where the profiles of mean axial ve

locity ami vort icity along the dot ted line of F ig. 16 arc given for different 

sample number. T hey a re pract ically coincident . This result concerns with 

first-order stat istics (m eau valuer;) . When r:;ccond-ordcr is cour:;idcrcd. the si

tuation change::;: in Fig. 18, Lhe R l\1S horizont al velocit y is given for lhe r:;amc 

sample numbers as before; in this case, while in the low fluct uation regions 

(in blue) a ra ther low number of samples is r:;ufficient (50 100). in t he high 

fluctuation regions (in green and red ) t he required number of sample· for 

ta t i tical convergence is higher (500 or 1000) . This statement is confirmed 

in Fig. 19, in which profi les of the R IS horizontal velocity and of Reynolds 

strcr:;scs arc presented; especially the last quanti ty requires a high number of 

sa mples to converge stat istically. 

Aft r e, tabli hing the requi red number of sample. for statist ical conver

gence, the analysis was focused onto the effect of the flow rate for the same 

forcing signal. In Fig. 20. three d ifferent flow ra tes are considered for the 

sinusoidal signal (50 ml. 70 ml. ami 90 m\). The horizontal phar:;c averaged 
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FIGURE 16. Statistical analy is on the phase averaged vert ical velocity as a func
tion of the number of samples used ; sinu oidal forc ing with flow rate equal Lo 
70ml. 
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FIGURE 17. Statist ical analysis on t he phase averaged horizontal velocity (on t he 
left) and vort iciLy (on the right) profiles as a fu nction of the number of samples; 
si nusoidal forcing wit h flow rate 70 ml. umber of samples equal to 10 (black 
li nes), 100 (red lines), 500 (green line ) and 1000 (blue lines) . 
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FIG U RE 18. Statistical analysis on the phase averaged Rl\IS horizontal velocity 
as a functio n of the number of salllples used ; sinusoidal forcing with Aow ra te 

equal to 70 ml. 
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F!GL RE 19. Statistical analysis on the phase averaged Rl\ 1 ' horizontal veloc ity 
(on thr left ) and Reynold strrs (on t hC' right) profiles as a function of t he number 

of am ples: si nu o idal forcing with flow ratC' 70 m!. 1umber of samples equal Lo 
10 (black lines), 100 (red lines). 500 (green lines) and 1000 (blue line). 
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vclocit.\· shu\\'s two maiu clk('t;,: t !I!' illl!'llsit\ oft h(' \'OI'(('X riug of ('Otti'S(' 

iiHT('(lS('S as([}(' f[m\· 1'1l1C' (t[H' Sillll<' C'U[or!Jm is liS('d). S('t'Olldl.\, \\'hik for the 

.)() ml case t lH' \ or(('x ri11g is alllH>;,I is1>lakd. for t IH' higher flcl\\ rat ('s I IH'n' 

is a cumH'C'tiou with tl1e tmilillg.i('t ''hidt folhms tlH' main riug. 

The interaction h('l\\('('lt tlH' h\'0 (Yori('X ring a11d trailiug.i<'l) is l'\t'll bet

ter pointed out h\ the analysis oft lw S('l'OIHI-ordN st at ist i<"s: in Fig. 21. t ll<' 

Rl\ fS of (he vert ic<tl wlo('ity is giwu fur the scull<' cl at a uf Fig. :20. The t \\'O iso

la ted ('Olllll<'r rotating \·mtin's an' C'btrh· idl'lltifi('d for tlH' 00ud ('ilS('. \\'bile 

t l1e stroug C'OIIIH'ctiou and intcnl<'tiuu with the trailing jet is emphasised in 

the /0 ml and 90 m! ('OIIdit lOllS. Tlus lwpp('n" under the form of a continu

ous layer (IOnll) ur of disnl'i(' \ortint! d('IIH'll(s (!)Oml). Sitnilar restdts hav<' 

h<'<'n oht aiued for t lH' ot Iter I <'si ed signals at t ])(' difl'ercut flu\\' rates. Thus. 

increasing the flow rate dowustn'am of an orific(' not only inn<'as<'S t ]I(' intcn

s il.\' of the nJrt ical st wet nn's but also c·hangc the "a.'· in which the~ int <'ract 

with the ncigltbom fluid IIGI. 
T he ot Iter dl'cd wit iC"h is i 11 \'('si iga t ed is t he one rei at cd to the shape of the 

dri ,·iug s igna 1 (as report <'d in Fig. I I). The lwrizont nl phase <l\'Crngcd \'elocity 

of t he four t<•sted signals is giwn in Fig. :2'2 at t h<' saiiH' flo\\ rate (TO ml): C'\'Cll 

in this case diffcn'll('('s apJH'<Il' nut unly in the form of ditfnnlt intensit ies 

of t he \'Ori<'X ring {snnH' C'ulurbar used). hut also in the form of difkreut 

topology. Tn parliC'ubtr. tlw intenl<'lion \\'itlt the trailing jet is through an 

a lmost continllo\ls la.n'r fort hl' siu11soidnl <llld ;,[o\\' nu up (r<Ullp2) cowlitions. 

whereas dist in et Yort iC"al st nwt lln's me' ohs('l'\'ed for the l'XJlOIH'lll ial a11d fa:-. I 

ramp (rampl ). This is h('C'ilttsc' lh<' lat lc'r ltav<' a 111on' imptdsi\'l' fon·ing (i.e. 

on'r a shorter lilll(' iutcrntl) to drin' thl' pi~tou in <·ompnrisou to thl' former. 

As shown in Fig. 2:J. tit(' ;tnnlysis of sc'C'!llld-order statistiC's C'onlinn tl)('sc 

findings: the discn·t e Yort iutl st I'll('( tll'<'s ;tn' C' karly \ isi hie i 11 t h<' r<'sul t s of 

the ('Xpouenlial and the' rmnpJ {on a lm\'l'r <'XI<'IIt for tlw ramp2 also). 

T he• res11lls frolll lh<' nuupl abu iudiC'all' a strong illl<'l'il('tion antmlg the 

printilr.'· ,·ori<'X ring nud tltnt \\ ltiC"h can IH' ('allcd tlw s<'<'mtdan· \'ortcx ring: 

in the oth<'r phas<·s the• t \\'o exploit il pn'<'(•ssion Oil(' arotiiHI t hl' ot h<'r. Tints. 

t he di'ect of the signal -.lwpl'. as fm thl' fl(m rat('. is also \' isibk both on lhl' 

inl cnsit.'· a11<l on th<' shnp<' and iutc•nwtion of tiH' <'n'al<'d ,·mtic<tl struclmc's. 

\·clm·it~· pro!iks ltm·c, lw('ll < ontplltc·d fro111 thl' prc,·ious phase m·(•raged 

\'C']c)('it\· fi<'ld: at t])(' iulct. th('~<' profik:-; I'Hll 1><' c·ontpan•d to inwsligate thl' 

birth uf I he \orkx rill!.!, (all I lw rl'k\i\11('(' oft IIis \H>rk in ( <liiii('C't ion to heart 

\·nln• application i:-; strictly liuiit<'d to the• lll'ar orifin• (]m,·) In Fig 21. the 
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F'!Gt' RE 21. Phase averaged R i\IS vertical velocity component at diff{'f'C'Ilt Oow 

rat<•s (samP colorbar) al ahnost thC' saute positions; si nusoidal fo rcing. 
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F'IC: U H E 22. I hase averaged horizontal v<'locity component for di fferent fo rcing 
signa ls (sam<' rolorbar) a t almos t tll<' same positions; flow rate equa l to 70 ml. 

FICL' HE 23. Phase a veraged RI\ IS V('r l ical vrloci ty component for different forcing 
signal (same colorbar) at a lmost l h P sauw positions; now rate equa l to 70 ml. 



http://rcin.org.pl

184 G.P. RO!\ I ANO 

profile~ fo r the four d ifferent Lc~Lcd s igna ls are given. In the first part of the 
figure. Lhe data are normalized by the maximum discharge velocity (i.e. the 

maximum horizontal velocity at the inlet) for the phase of maximum velocity 

( po~it ive velocit ies) and normalized by t he maximum regurgitation velocity 

(i.e. Lhc maximum horizontal negative velocity at t he inlet) for Lhc phase 

of regurgitation (negative velocity) . Even if there is a slight collapse for the 

curves d uring the discharge, there arc ~troug differences for t l1e rc~ul t~ during 

regurgitation . In the ~ccond part of Lhe figure, all data are non-dimcn~ional 
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F IGL' RE 2·!. P hase averaged horizontal velocity component inlet profi le's for dif
fC'rC'nt forcing signals: normalizC'd by t he' maximum discharge a nd regurgitation 
veloci ties (at the top) a nd by t he maximum discharge velocity (at t he bottom): 

flow rate• C'qual to 70 ml. 
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by the maximum discharge velocity. Also in this case the collapse of the re

sults is poor during discharge and regurgitation especially for the fast ramp 

case. Thus, this result confirms that t here i not a simple ·caling when con

sidering different forcing ·ignal for uch a kind of flow ·; results obtained 
with a given forcing signal at a given flow rate hardly can be generalised to 

other conditions. For heart valve testing, this means that exact signals for 

flow rate and pressure must be used (i.e. t he pulse dupl icator must be tuned 

with particular care). 

From the above inlet profiles, flow rate can be computed easily by in

tegration; the results are given in Fig. 25 for the four signals tested at the 

different Aow rate; in the figure the velocity imposed to the piston by the 

motor for each forcing signal is also given (as reported in Fig. 14). 

For the exponential and the ramps the results arc in good agreement with 

the imposed signals showing that the hydraulic circuit responds almost in 

phase with the piston movement: for t he sinusoidal forcing, there is a phase 

shift indicating that the circui t replies with some delay to a more regular 

movement in comparison to the others. The shape of the signals show that 

the discharge phase is activated properly and that the di charge is attenu

ated although not completely avoided (in some sense this is an important 

result for applications of the circuit to heart valves due to the fact that some 
regurgitation is always pre cnt in prosthet ic valves. There arc not noticeable 

difFerences among the results obtained at different flow ra tes. 

5. Simulation of Left Ventricle with Mitral and Aortic Valves 

The second reported experiment concerns with a s imulation of the left 

ventricle with mitral and aortic valves; in this experiment, the t ilting disks 

valves have been used , while the vent ricle is made by transparent, deformable 

silicone rubber. The experimental set-up is shown in Fig. 26: in the first part 

of the figure, the alignment of the laser and vidcocamcra in respect to the 

left ventricle model (forced by a linear motor controlled by P C similar to the 
one de ·cri bed in Sec. 4) ar presented. In the second part of the figure, the 

silicone rubber ventricle model is detailed ; the open mitral valve at the top 

can be clearly noticed. When the piston moves, the venlricle has to adjust 

its volume accordingly. In the t hird part of the figure, the Aow rate variation 

in time i · given (the signal is based on physiological laws as tho c pre ented 

iu Sec. 1); note that the diastole corresponds to the filii ng of the ventricle. 

Water is used as working fluid. 
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FIGURE 26. The experimental se t-up for the left vent ricle configuration (at t he 
top) with details on t he silicone rubber vent ricle (at the cent re) and on the flow 
rate in the cycle (at t he bottom). 
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Images have been recorder by a high speed camera (up to 500Hz at full 

resolut ion) and Particle Tracking Velocimetry was used to determine particle 

t ra jectories and velocities [1 7]. F\trther details on the experimental set-up and 

procedures a rc given in [8 , 10, 11[. 
An overview of the flow behaviour i given in Fig. 27 where particle trajec

tories are depicted; at the opening of the mitral valve (first figure), t he flow 

enters into the ventricle and due to the titling valve it takes the form of two 

adjacent jets forming vortex ring· as in the previous experiments (Sec. 4). 

Dming the diastole, t hese jets hi t t he wall of t he ventricle at different 

positions (the left jet on t he left part and the right jet on the right part) 

(second part of the figure) : this interaction causes a flow along the ventricle 

wall which turns back towards the inlet forming several sma ller vortical struc

tures (third figure). When the mitral valve clo cs , t he flow in the vent ricle is 

almost at rest everywhere (fourth figure) . 

Phase averaged velocity are obtained from the par ticle trajectories; they 

are projected into a regula r grid and hown in Fig. 2 together with the vor-
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F1<:1 In "27. Partidt> trajP('loJ'i(•s at fonr pha"('" of th( !'Vf'k: lll!'iltl fhm frmn th<· 

lop 

ticitv: tht' phns<'s an• :llmost tlH· sallH' as thtN' Jll"<'st'llt<'d in Fig. '27 (indicated 

by n·d doh o\'<'r t hl' flow rail' cutT<' in <'il<'II ligtm'). T\\'o opposil!• signs vor

ti<'ity layer nr<' ohtnin<'d nt t lH• U]Wning of tlH' Ynln· (first figun·). this resnlt is 

difl't>n·nt from that of an isolal!•d Yurl!·x ring and st'<'llls to IH' hd tcr dt•scril>c•d 

h~· two ,·ort<'X nng;, conlll'< tPd tot railing j<'ls (s<'<' St•t·. 1). 

In tIll' s<'cond part of 1 bP hgllr<'. t h<' t\\'o \'ort it·t•s an• going to hit t hl' 
\Tntri('\c \\'ails l>nt :m• still W<'ll ddin<'d: a lay<'r of oppositt• sign nnticity 

is dt•tac hed from th<' w.d! dtH' to tIll induced n·lol'ity fi<•ld by t h<' strong<'! 

vortex ring (<HI tiH• kft ). Aftn Ill(' illiJ>il<'l on till' wall. layc•rs of distrilmtt>d 

,·orticit.v rt't11m tmnmb th<' inil't along tiH• wed! (third p,Jrt of tht> ligun•); this 

is a cil'ar pff'c('t d11l' to confin<'nll'llt 111to tht• n•ntrick. The final hgun• does not 

c·mTt'S])(l!ld tot he fomt h of Fig. '27: it is obt ainl'd itnnH•diat dy aft er t ht• sc<·ond 

peak in tht• flow ratt• (;,o ('alll'd J\ \\·an•. \\hilt· till' first maxillllllll is called 
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F J(; 1 Ill 2~ Phasl' a\.('rH!!,l'd n·locit-' wcl ors and \·ort icily coni ours at four pha.~!·s 

oft IH' eve lP ( indicatPd hv t IH• n •d dots ). 

E wav<•). wiH'Jl the 111itral vah-<• re-opens for a shor t interval. A lH'W couple 

of _jet is observed but the int <·nsit .v is fairlv smaller than before: they will 

dissipal<' before colliding Oil the H'IIlrick wall. This prcscntedmc<umrcments 

han· been performed with an <'<ptintl<•nt b<•at rate equal to 70 Jiz and a ftow 

rat<' <'qunl to :31 min. 

lt is itnportant to point ottl that frcqtH'IIcics haw· lwcn rcscaled to ac

count for diffcn•nces bcl\\"C('ll the used fluid (\\'ater) and blood: R<•.nwlds 

(<·qual to about 700) nnd \\"om<•rslcv (equal to about 19) munbers similarit y 

is achieYcd. 

J I iglt<'r-order st at ist in; is eo m ptt t cd Oil t hcse data: in Fig. 29 _ the turbulent 

kinetic <'lH' rg_v (i.r. the sum of lll<'all squarc fluctuating ,-clociti<•s on the 

mcasttr<'lll<'lll plaue) non-dimensional by the average outlet velocity is given 
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FIG UR8 29. Phase averaged mean (on the left) a nd turbulent (on the right) 
kinetic energy at one phase of the cycle (indicated by t he red dots) . 

(on t he right part) . It is compared with the sum of t he phase averaged mean 

velocity components on the plane (i.e. the average kinetic energy) made non

dimensional as before. They are evaluated at the first peak of t he flow ra te. 

E wave). It is clear that t he turbulent fluctuat ing pa rt gives a substantial 

contril utiou in comparison to the average term (in t he order of 30%). so 

tha t it cann ot be neglected even a t this quite ·mall Rcynolcls number . 

A comparison s imilar to the p revious one has been performed on t he 

viscous and turbulcut shear stresses; t hey arc obtaiuccl frotn tlte cigcuvalucs 

of the \'iscous and Rcy nolds stress tensors on the measurement plauc ( i .c. four 

compon nts). The results obtained for the two, at the same pha:-;e as Fig. 29. 

arc given in Fig. 30: in this case. t he relevance of the turbulent contribut ion 

is much larger than before. There is almost a factor 100 betweeu lhe viscous 

and turbulent contributions: this s ituation is q11i te com mon in blood How 

im·cst igations , o that turbnlent contribut ion · to ·tress on blood cells a rc 

usually t he largest. 

The presented results concern with statistics obtained in time (or better in 

phase) at each poiul (Eulcrian stat istics): however , t he PTV technique allows 

to cleri vc a lso s tatistics along particle trajectories (Lagrangian statistics). 

Examples of results obtained with Lagrangian statis tics a rc given in t he next 

sccliou: t he reader is referred to 18. 10. 111 for other results on Lagrangian 

stati tic obtained in t he silicone ventricle model. 
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FIGUHE 30. Phase averaged maximum viscous (on the left) and tu rbulent (on 
the right) shea r st resses at one phase of t he cycle (indicated by the red dots). 

6. Simulation of Aortic Valves 

191 

Two main examples will be given of aortic flows downstream aort ic valves; 

the first concerns with the Sheffield Lype mock-loop developed at ISS [7, llj 
and the second with the Aachen unsteady pulse dupl icator. 

6.1. Sheffield Mock-Loop (ISS) 

T lw ex per imental set-up of t his experiment is given in Fig . 31 ( refer to 

Sec. 2 for Llic figure and descript ion of the mock-loop); in the first part of the 

figure a detailed view of the measurement region (aort ic root. ) with position 

oft he valve (bileafleL) a nd of the Valsalva ·inuscs is given (it i · a pyrex rep\i a 

of the real geometry) . In the . econcl pa rL oft he figure. the bileaflet valve is 

shown, while in the t hird part of t he figure the control curve obtained for Lhe 

flow ra te is present ed (beat rate equal to 70 Hz. flow rate equal to 11 m in ). 

ln compa rison to results on t he ventricle presented iu t he previou section, 

the opening phase for the aort ic valve is the systole while eh ing phase takes 

place in d ia: Lole. T he working fluid is a water-glycerine (33%) mixture in 

Rcynolcls number (equal to 3200) and Womers\cy number (equal to a bout 

10) sim ilarities. 

The measurement · have been performed by means of a high- pecd cam

era (the same used in cc . 5) computing par ticle displacements by means of 

PTV 1171. 
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FIC:l.RE 3 1. ThP PXJH'rin ll'ntal set-11p for tliP aortic ntlv(' with Sheffield n1ock-loop 

( !SS) configurat ion: detail of the aortic root (top left) , of the aortic bilcaflct valw• 

(lop rig ht ) and of the flow ratP during the cycle (hottmn) . 

Son1c oft he n·sults ohtainC'cl fort hC' phase' nvcragC'd fidds arc presented in 

Fig. :32 at the clifi'crcnt phases: a t the opeui ttR of the aortic wtlw (the phase 

is iudicHtt>d b\· a rC'd dot 0 11 tllC' side of each figm c). two jets start to <IC'wlop 

dircctccl towards the walls of t he aortic root (t he wake of th<' leaflet at t he 

ccuterl itH' parti ally obstructs t h<.' flov\·). As the ntlv<.' op<.'ns t h<.' two leaflets 

g<'n<.'l'a.tes three jC'ts which fill all the flow fie ld (second figure taken at the 

systolic peak). lnmiediatcl.v after the svstoli(' peak (third figmc). a recircula

tion starts into the Valsalva sinus on the right part of the iuvcstigatcd field: 

t he m ain flovv mows towards the left part of the field. After lh<.' closure o f th<' 

va l \'C' ( fomt h figure) there is a clear back flow inclicat iug some regurgitation: 

at this phase. the \'Ortex in tl1c \'a lsalva sinus changes sign. 

As a irC'a.d.v stated . the int 0rcst in using P TV rather than PIV is in the 

possibilit~· of deriving Lagrangia n statistics. i.e. stat istics of part ici<'i:i a long 
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F'ICl. llE 32. T he phase a \·c>ragcd vector a nd axia l velocity co ntour field~ a t four 

phaSt'S Of lhP cycle ( ind icated by tllC' red dots): the now is fr0111 t he top. 
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FIGURE 33. PDFs of transverse (on t he left) and axial (on t he right ) accelcralions 

frolll Lagrangian statistics during systole, diastole a nd the whole cardiac cycle. 
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10 

FIGlJRF: 3 1. Transvcro.c (on the left) anci axial (on the right ) acceleration · from 

Lagrangian statistics during systole: average acc<'lcrat ions (at tlw top) and R :\IS 
of acc<' lNat ions (at llw hottom). 
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their t rajectory. This is the most significant part which could allow to eval

uate the acceleration , forces and stresse on each single blood cell. With 
thi!:i goal in mind , part icle accclcrations have been computed from the mea

sured pa rticle velocities a long trajectories; in Fig. 33, the probabili ty density 

functions (PDF) of transverse (indicated by ax) and axial (indicated by ay) 
accelerat ions all over the aortic root are evaluated. They are computed for 

the whole cycle (in blue) and separately fo r the systole (red) and diastole 

(green). It is observed that accclcrat ions cl uring systole arc usually larger 

than those during diastole (both transverse and axial) : moreover. axial and 

transverse accelerations are of the same order of magnitude (the average 

R.l\IS value is about 3g , where g is the gravity acceleration). Lastly, there are 

a few , but finite number , of particles experiencing accclcrations larger than 

20g (in absolute value) . 

The spatial d istri but ion of t he determined acceleration is given in F igs. 34 

(systole) and 35 (diastole) : in these figures. the average and R 1S values of 

.oos ·006 ·004 ·002 002 004 006 oos 

05 1 5 25 35 4 5 

FIGURE 35. Transverse (on t he left) and axial (on the right) accelerations from 
Lagrangia n statistics d uring diastole: average accelerations (at the top) and Rl\ IS 
of accelerations (at the bottom). 
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t h0 <1Ccclcrations have been reported. During systole. the menu value o f the 

transverse acceleration (fi rst plot iu Fig. 34) shows tha t lite h igh0st valu0s ar0 

limi ted to the edge of recirculation regions and close lo lh0 j0t r0attachment 

points on t h0 wall. The mean axial accelcrations (second p lot in Fig. 3-:l.). arc 

negative (decelerat ion ) at the expanding part of the root a nd positive in t he 

contract ing part. The R J\ IS Yalues for both transverse an cl axial accclcrations 

(third and fourth p lots in Fig. 3-:l.) . arc di ·tributcd much more uniformly than 

the mean. 

The values arc larg<'r than the mean: the higlwst arc obtained immediately 

downstream of the valve, indicating that iiJCrtial forces 011 blood cells a rc 

significant iu this region. 

During diastole. the meau value of the transverse ac:cclcrat iou (fi rst plot 

in Fig. 35) sho,,·s that the highest values a rc observed close to tlw aort ic 

't ., Mean (Nim') 

-006 -004 -002 002 004 006 01 02 03 04 05 06 07 

FIC:l' IlE :3G. \'iscous sll('m stn·ss. m'l'ragc (on th<' ll-ft ) and 1{.\ IS (on tlw righ t) 

val ue':-. from Lagrang;ian slat istics dming s~·sto]C' (at tiH' top) and diastol<' (a t the 

bottom). 
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root walls a nd at the lop of the n'circulat ion regions due to n'gmgitation 

(ind ic-ated by arrows). The IIH'att axial accclerat ions (sec-ond plot in F ig. :Fi) . 

due to the inverse flow in comparison to systole. arc positive at the expanding 

part of the root and negatiw in the contracting part. All the mean valu<'s 

arc lower than those during systole .. \!so during diastole tlw Rl\ IS n1lucs for 

both transverse and axial accclnations ( t hird a nd fourt h plots in Fig.35). 

arc distri lm ted much tnon' t t ni fonnl~· and with larger value's in comparison 

to the mean. E ,·eu in this case the maxinut arc located close to the vah-e 

section. TlH' Hl\ IS ,-alues arc of the same order of magnit udc than thos<' 

during systole. thus indicating the relenutc<' of measurements in th<' aortic 

root d ur ing t he d ias tolic- phase also. 

Viscous stresses have bC'cn calcu lated front t he data; in F ig. :3G. the results 

for th<' mean a nd 111\ IS values during :->ystol<' a nd diastole are gi\'Cll. Dming 

systole (first two plots) the mean value indicates a three jC't configuration. 

while Hl\IS is nwximum at tlw l>oundari<'S and in the rccirculation region. 

During dias tole (two plots at tltt' hottm n). the structure of <t single regurgi

tant jet is d<•pictcd (lower tttean values in com parison to systol<'): Hl\IS valu<'s 

arc of the same' order of nm~~,nit ude th<:Ul dming s~·stolc. 

6.2. A achcn M ock-Loop 

T it<' <'X JWrinH'nt a l set-up is shown in F ig. ;37 (ref0r to Sec. 2 for th0 figtm' 

and <ksc-ription of the mock- loop): in the' first part of the figme a plot of 

obtained aortic. \'('Ill rintlar and atrial pressure curws is present cd. As already 

stated in Sec. 2. it is quite complicated to set-11p properly the circuit to obtai n 

such CUI"\"t's. h11t the result is wr~· similar to physiological on<'s. Jn the secon d 

part of the figme. the aortic pn'ssme (wh ich is the most critical on<' to 

control) is pn'sPntecl for three different measurements: as can be obsetTed. 

once t lw circuit is properlY sct-ttp the Yariat ions from cycle to c_,·de an' quite 

small. ln t lw third part of the figure the flow rnte downs! rea tn t iH' aortic root 

is p,i,·en (beat rate equal to 70 l lz. flow rat<' eq11al to.) I mill). The working 

fluid is a \\'HI<'r-glycerine (:30 /{ ) tnixture iu Heynolds numlwr (equal to 000) 

and \ \ "otnnsle.Y number ( Pqual to about JO) sitnilaritics. 

Tlw nwaslln'mcnts ban' been perfornwd by means of a <·ommt'rcial cross

correlation PI\' s~·stent (ntanttfact llr<'d by La\'ision Gmbh) .. \ hug<' amount 

of data has h<'<'n n'cord<'d a 11d daboratc'd: only examples ,,·i ll be giH'll in t he 

fo llowing. 
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FIGlJRE 37. T he experimental pressures (at the top), aort ic pr!'ssurc variatious 

over thr<'e cycles (at t he ceutre) a ud flow rate (at the bottom) for thP aortic valv<' 
with Aarhr n mock- loop configuration. 
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H EART V ALVES: 

l 
FIG URE 3 Phase averaged vector and axia l velocity contour fields at four phases 
of the cycle (valve leaflet posit ions are ind icated on the right of each plot ): the 
flow is from the right. 
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F IGURE 39. Phase averaged Reynolds l urbulenl stress fi elds a t fom phases o f t he 
cycle (valve leaflet posi tions arc indicated on lhe right of each plot) : the flow is 
from the right. 
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In Fig. :~1-l. \'('('(or and hm izontal \'Pio('it~· plot:-. arc gi\'l'II at four diffcr

t'llt pha:-.c:-.. The ,·alw hikafkt po:-.it ion:-. ;m• al:-.o iudicatC'd on the left oft he 

figun•:-.. T ht• flo\\· :-.tarts to mow inuuccliHtd." after Yalw opening (fir:-.1 fig

me): th<•n a three jet:-. condition dc\'(•lops (sc('olld figmc) as also n•portl'd 

in Jn·eyious measurcnH'nts. In t IH' \ 'abal\'a sinus (at the top right ('Ol' II<'r). 

a n•!'irntlat ion region is obsNwd \\'hi('h enlarges up to t hC' phase in \\·hich 

ndY<' knflcts start to (' IOsl' (I hird fi)!,un·): at this phasC'. t he tin<'<' j ets arc 

st ill ohst•rwd although at teimatcd .. \fl<'r \'Hin· clo:-.un· (f'omt l1 fig me) . I he 

hadd-J.m,· (regurgitation) takc•s place all owr the field (except iu thc portio11 

of I hc \ 'alsalnl sinus at th<' bottom right comer). 

!Iigl l('r-ordcr st at ist i('s can IH' <•ndttal cd: as an <'xample. th<• H c.nwld:-. 

I urhull'nt st rcssC's arC' presentee\ in Fig. :10. Tht• highest nllt i<'S are found at 

t hC' upper \ 'abah·a sinus ( \Yhich is I h<' onlY on<' complctcl~· im·est igat cd o11 

I IH' nH·a:-.un'JIH' lll planC') in a region "hich enlarges dming the c.n·lc. lli?,h 

ndu<'s arc also fouud at I he jet houndmics cspccia!Iv at the butt om part. 

7. Remarks and Future D evelopments 

Ht•Jnarks and <·onclusions will I)(' l!,i\'(·n for <'ach <'Xpcrimcnts. For the 

pulsed _j('( ('Ollfigma t ioll (Si'!'. J). 

• optimal dc:-.ign and control of lllo('k-loops is a crucial point in artificial 

\·al n• t <'sting: 

• :-.t ron)!, diff<'n'IH·es in the f!o\\· field an• ol>:-.<'1'\'<'d \\'h<•n changing forciug 

si)!,Iial :-.hap<' and flo\\' rat<'. i.<'. s(';ding is not allo\\'cd (n•locit\· profiles): 

• dcp<'IHling 011 flo\\' rat<• and signal shapl'. coun•ntmt ed or trailiug .i<•t 

:-.tl'llC(lll'('S ill the \\'Hk<• of 111<' l llilill \'ili'(('X rill)!, HI'(' olJs<•rwd: 

• tli<'S<' i:-. <'\'id<'IH '<' of an int<•r;wtion IH't\\'('('11 Yortcx r i1112, and ,·orticity 

from pn·.'·iuus \'orli'x rings (n t pi'<'\ ion:-. !'ardiac <'.\Tic): 

• a pr<'liniinar\ statistiC'al nnal~·si:-. fm d<'lel'lllining llllllll)('r of sample>..., 

ell HI t \'IH' of st at i:-.1 ic:-. is n·quir<'d. 

For tll<' kft \'('lltrii'k silicmH' 1110d<'l (S<'i'. '>): 

• m<•rap,<' a11d turllllknt ki1wt i(' <'IH'I')!,\' lim·<· to Ill' IIH'HsllrC'd for proper 

hcnrt Yaln• <'\·aliwt ion: 

• t urllllknt and ,·iscon:-. IIIHXinllllll slH'<ll-...,1 rc:-.s<'s an• JH'<'<i<-d to point out 

t IH• ph<'llOIII<'Ila that 11101'<' likd\· <·aus<' dcullagc to IJiood-< ·<•11:-.: 

• t IH' t mhuknt coJJt rillllt ions ('ill ll lot lw neglected and si•hlolll an• t lie 

111o:-.t rdcnwt (' \ '('11 at qnit<' s111all H<'YIIolds mtllli>crs: 
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• inertial fo rces on blood cells have to be measured from accelcrations 

(i .e . from Lagrangian measurements). 

For the Sheffield type mock-loop for aor tic valve test ing (Sec. G.l): 

• t lie flu id-mechanics pheuomena in the aortic root as a t least as com

plicated a}; those in the ,·cntriclc: 

• t lm.'e jet configuration clming systole and regurgitation during dia..'>tolc 

arc derived: 

• accelerat ions of fluid particle are Higu i fic a nt and 011 average la rger t han 

those iu the vcutriclc: 

• it is important to evalua te average ancl Ri\IS accclera tions especially iu 

rccirculat io11 regions ami close to t he valve: 

• the comparison between mean shear stress and R IS values points 

out that the former permit the comprehcusion of the structure of the 

mean flow but umlerestiumtes the amplitude of the viscous forces on 

blood cells. 

For t he Aaclien type 111ock- loop for aor tic valve testing (Sec. 6.2) : 

• the set-up of a complex mock-loop for systemic circu lation and pros

thetic heart valve testing is not simple: once obLaiuecl it is stable: 

• fo r the lwo-lcaficts valve. the three jets configuration i, visible inde

pendently on the employccl mock-loop: 

• rcgmgitat ion is also pn'scnt on this lllock-loop: 

• large rcci rculat ion in t hc Valsalva sinus are observed leacli11g to high 

R i\ JS and Reynolds stress (due to vortex of:>cillat ions) : 

• t hcrc is a fact or lar?,N l han 10 bel\Ycen velocities and seconcl-orcler 

statist ics determined at s.\·stolic peak and those in diastole. 

The following points can be cstablished as relevant for fu lure invest iga

t ions in the field of heart valve experimental testing: 

• <:'s t ablish a}; much a}; possible procedures a11d apparatus ( circui l. geo

metry. forcing. fluid. sampling) needed for proper valve test ing: 

• perform effecti,·c 3D experiments and numerics: 

• C\'aluatc accelcrations and forces in a frame moving with the fluid par

l iclcs: 

• attain much higher spatial and temporal resolutions in exp eriment ·; 
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• perform s imul tan eo us m<'asurcment s of vcloci ty. pressure and t <' In pe

raturc fields. 
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