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Hemodynamic studies of regurgitant lesions in the heart focus on identifying a reliable noninvasive 
method of volumetric flow calculation. I n  these studies the influence of blood viscosity to the flowfield 
under pulsatile flow conditions and constraining wall geometry has not been examined in detail. Pul- 
satile flow studies in straight tubes have shown that viscous effects significantly influence the peri- 
odic flowfield, especially near the wall. The purpose of this study is to investigate the significance of 
transient effects in the flowfield proximal to a lesion under constraining wall geometry. The proximal 
flow field was analyzed with computational fluid dynamics (CFD) computer simulations and color 
flow Doppler mapping (CFM). Three different stroke volumes and regurgitant waveforms were inves- 
tigated for upstream wall orientations that varied from - 64" to + 64" (measured from the orifice 
plane). Results showed that for each upstream wall orientation, a single instantaneously normalized 
centerline velocity distribution characterized the flowfield throughout the cycle. The centerline distri- 
butions were in  phase with the pressure gradient and almost identical to the corresponding steady- 
state distributions. Minor deviations were observed near the wall, where viscous effects were pre- 
dominant. Transient flow effects such as blunt profiles and pressure velocity phase shifts, which were 
observed in straight circular tubes, were not observed in regurgitant orifice flowfields. This is true 
even under severe confinement conditions. (ECHOCARDIOGRAPm, Volume 15, April 1998) 
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Valvular regurgitation (VR) is a common dys- 
function in heart patients. Cardiologists still 
pursue an accurate and reliable noninvasive 
method that will allow them to determine the 
volumetric amount of blood flow through the re- 
gurgitant orifice. Such a method would provide 
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a better prognosis of the disease. Color flow 
Doppler mapping (CFM) remains the primary 
clinical tool in the qualitative evaluation of VR. 

Efforts to provide a quantitative method of 
blood flow prediction through such orifices 
have not been successful yet. Originally, the 
region of the downstream regurgitant jet be- 
came the focus of numerous hemodynamic 

Several recent studies investigated 
the proximal orifice flowfield or the laminar 
approach region that consists of the proximal 
isovelocity surface areas or contours (PISA) 
that represent the acceleration of blood to- 
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wards the discharge orifi~e.~-'O In vivo, regurgi- 
tant flowfields are influenced by valve leaflet 
and ventricular or aortic wall geometry. Such 
geometric factors in the presence of pulsatile 
flow conditions may considerably influence the 
development of the flowfield and the character 
of the PISA shapes. By the conservation of 
mass, PISA shapes are reduced in size and are 
closer to  the orifice when the adjacent wall an- 
gle is negative (Fig. 1). The shapes elongate as 
the wall angle becomes positive." 

Numerical modeling of steady flow with var- 
ious upstream wall orientations shows that the 
PISA shape changes with wall orientation. Rod- 
riguez et al." used clinical imaging and nu- 
merical modeling to investigate the funnel-like 
constraint on forward flow through stenotic 
mitral valves. Pu et al.12.13 in a clinical study 
and an in vitro numerical model studied the 
impact of flow constraint in flail mitral leaflet. 

According to Shandas et al.,14 the shape of 
the PISA under pulsatile conditions does not 
change for an unbounded orifice. This has not 
been verified under severe confinement condi- 
tions, however. The effect of wall pulsatility 
under severe confinement conditions was not 
studied in detail by all the previously refer- 
enced studies. The proximity of the wall to the 
flowfield may bring considerable viscous ef- 
fects similar to effects observed in straight cir- 
cular tubes. 

According to Womer~ley,'~ pulsatile effects 
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Figure 1. 
tive to the orifice plane. 

Wall angle orientation measured rela- 

significantly alter the laminar parabolic steady 
flow profile characteristics in circular tubes. 
Womersley determined that in a circular tube, 
such as a blood vessel, the unsteadiness char- 
acteristics are described by the dimensionless 
parameter: 

Cx-6 D 27rf 
2 

where D represents the vessel diameter, f the 
pulse frequency, u the kinematic viscosity, and 
a the unsteadiness parameter or Womersley 
number. This parameter provides a measure of 
the relationship between viscous and unsteadi- 
ness effects. Even though the significance of 
this parameter has been studied extensively in 
arterial models, it has not been investigated 
for orifice flow. 

Shandas et al.14 used laser Doppler ve- 
locimetry to investigate the variation in cen- 
terline distribution for unbounded orifices un- 
der pulsatile conditions. They discovered that 
general steady flow characteristics of the cen- 
terline distribution held throughout the pul- 
satile cycle at > l diameter from the orifice. 
The initial and final stages of the cycle showed 
minor deviations. 

This study investigates the influence of vis- 
cous effects for different adjacent wall orienta- 
tions. The proximal orifice flowfields in steady 
and pulsatile flow environments are compared 
when the wall geometry adjacent to  the orifice is 
changed from unbounded to + 64" confinement, 
as shown in Figure 1. Such comparisons can 
identify the presence of transient viscous effects. 

The primary flow feature investigated was 
the centerline velocity distribution. Changes in 
the centerline distribution easily illustrate 
changes in wall orientation and provide a con- 
venient means of comparison of the proximal 
flowfield. Utsunomiya et a1.8 reported the su- 
periority of the general hemielliptical model to  
a simple hemispherical model in calculating 
flow across the flow convergence region. The 
idea of the proximal centerline distribution 
was introduced by Giesler and Stauch.' Under 
severe confinement conditions, the shape of the 
PISA close to the wall was also investigated. 

Several investigators have been using the 
simple PISA technique to calculate flow 
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through such restrictive orifices. Flow is calcu- 
lated as follows: flow = (PISA) X velo~ity.~-* 
However, errors associated with the accuracy 
of the method have been reported in both in 
vitro and in vivo studies.16-20 Such errors in- 
clude variable PISA shape and velocity mea- 
surement errors. Under severe confinement 
conditions, viscous effects may influence the 
PISA shape additionally. The intention of this 
study is to (1) assess the proximal orifice flow- 
field when the adjacent wall changes geome- 
try, and (2) assess the contribution of viscous 
effects to the shape of the isovelocity contours 
and the centerline velocity profile. 

Methodology 

Flowfields proximal to  axisymmetric orifices 
with varying adjacent wall geometries were 
modeled using computational fluid dynamics 
(CFD) techniques. These simulations were per- 
formed for both steady and periodic flow condi- 
tions and compared to CFM interrogations of 
similar flowfields. 

Numerical Simulations 

CFD models were developed using the finite 
element method (FEM), which is a numerical 
procedure for determining approximate solu- 
tions of differential equations. FIDAP, a com- 
mercially available CFD software package pro- 
vided by Fluid Dynamics International (Evan- 
ston, IL, USA), was used to develop FEM 
simulation of the steady and periodic proximal 
orifice flowfields. A 486-66 MHz PC accom- 
plished the generation (geometry and mesh), 
preparation (boundary and initial conditions), 
and postprocessing of the CFD model. A CRAY 
C90 supercomputer was made available by the 
Alabama Research and Education Network in 
Huntsville, Alabama, for the performance of 
numerical solutions. In each of these simula- 
tions, the proximal flowfield was modeled as 
axisymmetric. Figure 2 illustrates the planar 
orifice model. The bottom line in the figure rep- 
resents the line of symmetry at  the model cen- 
terline. Hence, simulation of only a single half- 
plane of the solution domain is needed to de- 
fine the flowfield. In the proximal region 
between the inlet and orifice, the FEM mesh is 

graded to obtain a very fine mesh in the region 
close to  the orifice (Figs. 2 and 3). This results 
in a sparse mesh throughout the rest of the do- 
main. Mesh grading allows the FEM simula- 
tion to track the large accelerations expected 
close to the orifice more accurately. This is 
done without significant increase in computa- 
tional requirements. Figure 2 shows the non- 
planar orifice models used. 

An extension of the solution domain is posi- 
tioned downstream of the orifice (Figures 2 and 
3). The main function of this extension is to 
move the outlet plane, and thus the outlet 
boundary conditions away from the orifice plane. 

For the steady flow studies seven different 
wall orientations were used for R = + 64", + 
47", + 24", 0", - 24", - 47", - 64". This is shown 
in Figure 3. The positive and negative angle 
orientation is shown in Figure 1. The orifice 
was chosen as 1 cm in diameter, and the flows 
used were 9.9 Wmin, 7.42 L/min, and 5 L/min. 
For the pulsatile flow studies only the R = + 
64" wall orientation was used. 

The waveform used in the simulation is 
shown in Figure 4. The waveform modeled a 
regurgitant period with an initial increase in 
pressure gradient and velocity to some maxi- 
mum value. This was followed by a gradual 
drop to  a minimum value until the regurgitant 
cycle ended. The period was 0.84 seconds. 
Three different stroke volumes were used: (1) 
139, (2) 104, and (3) 70 mL. The corresponding 
peak orifice velocities were 322, 226, and 169 
cmhec, respectively. For the steady-state mod- 
els, the steady flow amount used were deter- 
mined as follows: (1) 139 mW0.84 sec = 165 
mL/sec or 9.9 Wmin, (2)104 mW0.84 sec = 7.42 
Wmin, and (3) 70/0.84 sec = 5 L/min. 

In the development of each of the CFD simu- 
lations, the various flow conditions and geome- 
tries were normalized using the orifice diame- 
ter (lcm) and the orifice velocity. This resulted 
in a normalized flowfield. 

Experimental Study (Color Flow Doppler 
Analysis) 

The flow system and test section are shown 
in Figure 5.  The test section consisted of a + 64" 
wall orientation orifice model representing se- 
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Figure 2. Domain geometry and mesh distribution for the planar numerical orifice model. Only 
half the flowfield was modeled illustrating the axisymmetric nature of the geometry. The bottom 
line represents the centerline and line of symmetry. The orifice is to the right, followed by the ex- 
tension. This was done to avoid application of the outlet boundary conditions right at the orifice. 
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Figure 3. Domain geometry and mesh distribution for the nonplanar numerical orifice model. 
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Figure 4. The waveform used in the numerical simulations and experimental studies. I t  is nor- 
malized with the maximum velocity and the period (T = 0.84 sec) is subdivided in radians from 
0 to zr. 

vere confinement conditions in pulsatile flow. 
The flow waveform originated at the harvard 
pump and was modified to the desired shape by 
the compliance chambers to obtain the shape 
shown in Figure 4. The conditions used in the 
numerical simulation model were duplicated. 
The period was 0.84 sec, and three different 

stroke volumes were used: (1) 139, (2) 104, and 
(3) 70 mL. The corresponding peak orifice veloc- 
ities were 322,226, and 169 cdsec, respectively. 
The contraction coefficient was 0.77 for this 
geometry and was determined experimentally. 

The flow was monitored by an electromag- 
netic flowmeter probe and the pressure differ- 

- vaive - compliance chamber .- EMF probe 7 oveflowtank 

- HP transducer 

Figure 5. The flow system used in the experimental study. The waveform is produced at the 
Harvard pump,  and the compliance chambers are used to modify the waveform to a more phys- 
iological shape. The flow is monitored by a n  electromagnetic flowmeter and the pressure with a 
pressure transducer. 
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ence across the orifice by a pressure trans- 
ducer. The fluid used was an aqueous solution 
of glycerine (40% glycerine by weight). This 
provided a representative blood viscosity for 
the flow conditions used. 

Velocity information was obtained using a 
Hewlett-Packard 2500 SONOS (Andover, 
MA, USA) DSR CFM Imaging System. M- 
mode CFM images were stored and retrieved 
using a digital program provided by Hewlett- 
Packard. The details of the program are ex- 
plained in references 10 and 17. The Nyquist 
limit (NYL) was set between 30 and 100 cm 
sec-l. CFM data from different NYL acquisi- 
tions of the same field were combined to 
cover the widest attainable range of veloci- 
ties while maintaining the highest possible 
accuracy. The orifice location was at 9 cm 
from the transducer. The transducer was 
aligned along the centerline axis of the ori- 
fice (parallel to  the axis of the regurgitant 
jet) at  an imaging depth of 10 cm. Only cen- 
terline velocities (along the orifice axis) were 
analyzed using the M-mode feature of the in- 
strument. The location of the color pixels 
were corrected for the difference between the 
velocity of ultrasound in the experimental 
fluid (1730 msec-l) and human blood (1540 
msec-I). The correction factor was validated 
by measuring known distances by two-di- 
mensional echo in the in vitro model. The 
color gain was adjusted about 30 dB and was 
kept constant throughout the study. This 
setting was enough to  avoid background 
noise. Spatial filters were set to  the off set- 
ting. Clutter filter was set on low (lowest 
wall filter setting) and packet size was set on 
medium. The definition setting of the instru- 
ment was set on high. Velocities were cor- 
rected for the effects of wall filters and spa- 
tial beam expansion as previously described 
in reference 17. 

Results 

The CFD simulations of the varying wall ori- 
entation and steady flow models were used to 
generate the plots of the PISAs as shown in 
Figure 6. Figure 7 shows the centerline veloc- 
ity profiles. The velocity was normalized with 

average orifice velocity and the distance was 
normalized with orifice diameter. The purpose 
of this normalization is to  be able to  compare 
all the different geometric and flow cases on 
one graph. The centerline velocity profile rep- 
resents the acceleration characteristics of each 
flow case. Figure 7 shows the significant 
change in velocity gradients with positive wall 
orientations when centerline distributions are 
compared with the zero angle case, which is 
the planar orifice model. Negative wall orien- 
tations however, showed little change in veloc- 
ity gradient in comparison with the zero angle 
case. The agreement of the CFD numerical 
simulations with color Doppler data is rnani- 
fested in Figure 8. Two centerline velocity dis- 
tributions are compared, one for 0" wall orien- 
tation and the other for 64" wall orientation. 
The agreement between the numerical and 
CFM data is excellent. 

Using the time-dependent flow waveform of 
Figure 4 and a wall orientation of (2 = + 64", 
the pulsatile flow simulations indicated the 
contours shown in Figure 9. The contours cor- 
respond to normalized velocities of vi* = 0.05, 
0.075, 0.1, 0.2, and 0.3. The contours are illus- 
trated for 5 phases (4)  during the regurgitant 
cycle. The regurgitant cycle was subdivided in 
radians (0-27r radians). Three different stroke 
volumes were modeled (139, 104, and 70 mL), 
and the same contour shapes were obtained. 
Contour shapes appear identical in each phase 
of the cycle except for = 3 ~ 1 2 ,  where minor 
changes were observed close to the wall. This 
was also confirmed by the centerline velocity 
profiles in Figure 10. Figures 9 and 10 indicate 
that the normalized contours and centerline 
profiles for all phases of the regurgitant cycle 
are essentially identical to  the corresponding 
steady flow contours and centerline profiles. 

The pulsatile flow findings of the numerical 
simulations were confirmed by color flow 
Doppler data. This is demonstrated in Figures 
11A-11C. The graphs represent the centerline 
velocity distribution at the peak phase of the 
regurgitant cycle. Figure 11A shows the com- 
parison for a pulse rate of 71 pulses/min, peak 
velocity of 169cm/sec, and stroke volume of 70 
mL. The corresponding steady flowrate equiv- 
alent at this phase was 4.96 Llmin. The NYL 
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Figure 6. 
The isovelocity contours shown are for a normalized velocity of V* = 0.05, 0.075, 0.1, 0.2, and 0.3. 

Illustration of the isovelocity surfaces for a varying wall orientation model under steady conditions. 
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Figure 7. Normalized centerline velocity distributions for a varying wall orientation. Distance 
from the orifice is normalized with orifice diameter (DJ; velocity is normalized with average ori- 
fice velocity (VJ. 
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Figure 8. Comparison of CFD simulations and CFM data for the normalized centerline veloc- 
ity distribution. The upper curve refers to 0 =+ 64" wall orientation and the lower curve to f2 = 
0" wall orientation. 
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Figure 9. Isovelocity contour behavior at five phases of the regurgitant cycle. The wall orientation is R =+ 644 
and the regurgitant cycle was T = 0.84 sec. The stroke volume was 139 mL and the peak velocity 339cm lsec. 

used was 65 cdsec.  The unsteadiness param- 
eter was (Y = 6.5. Figure 11B shows the same 
comparison of velocity distribution when the 
stroke volume is 104 mL and the correspond- 

ing peak orifice velocity 226 cdsec.  NYL was 
103 cdsec.  Similarly, Figure 11C shows the 
case of stroke volume = 139 mL and peak ve- 
locity = 322 cdsec.  NYL, was 130 for this case. 
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Figure 10. Centerline velocityprofiles at five phases of the regurgitant cycle and the corresponding 
steady flow profile. This curve clearly indicates identical results for each phase upon normalization, 

All figures illustrate the good agreement be- 
tween the numerical and experimental data. 
The temporal velocity variation and compari- 
son is shown in Figure 12. The time history of 
the velocity at a spatial location 0.47 diameters 
from the orifice is shown throughout the cycle. 
This was chosen to be a point near the orifice 
where the maximum allowable NYL could still 
provide nonaliased velocities. The color 
Doppler velocities appear to closely follow the 
numerically estimated velocities. 

Discussion 

The positive wall angle models appear to  in- 
fluence the spatial characteristics of the flow- 
field more than the negative wall angle mod- 
els. In Figures 6 and 7 it is observed that the 
models with wall angle + 24", + 47", and + 64" 
provide higher velocities and smaller accelera- 
tions at the same locations along the center- 
line. This is a direct result of the conservation 
of mass. Since the wall confines the flow, the 
velocity increases to make up for the same 
amount of flow. The gradual change in velocity 
implies a smaller value of the velocity gradient 

or acceleration. For the negative wall angle 
models of wall angles - 24", - 47", and - 64", 
the wall does not provide a confining effect, 
hence the centerline velocity distribution was 
essentially identical to  the 0" wall distribution. 
From the fluid dynamics perspective, even 
though the negative wall angle models have 
the same distribution as the 0" wall angle, a 
higher pressure gradient is required to pro- 
duce the same amount of flow through the ori- 
fice. Our positive angle data agree with correc- 
tions specified in Vandervoort et a1.20 Vander- 
voort et al. stated that a h  is the correction for 
flow through a wall constraining angle of I 
where a = 27r (1-cod). However, our data show 
that no correction is required for the negative 
angle geometries since the centerline velocity 
profile of the zero angle model is the same as 
the profile for the negative angle models. 

The pulsatile simulations and experimental 
studies focused on the wall constraining model 
of + 64". It was expected that the temporal ef- 
fects would impose a distortion on the flowfield 
due to the greater contribution of viscous ef- 
fects in the presence of a confining wall. 

Wornersley'' postulated that pulsatile flow in 
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Figure 11. (A) Comparison of centerline velocity at 
the peak phase of the regurgitant cycle. Diameter = 
10 mm;  N Y L  = 65 c m l s ;  equivalent steady flowrate 
= 5 Ljmin .  (Bi Comparison of centerline velocity at 
the peak phase of the regurgitant cycle. Diameter = 
10 mm; NYL = 103 cm I s ;  equivalent steady flowrate 
= 7.42 L lmin .  (CI Comparison of centerline velocity 
at the peak phase of the regurgitant cycle. Diameter 
= 10 mrn; N Y L  = 124 cmlsec; equivalent steady 
flowrate = 9.9 L J min. NYL = Nyquist limit. 

a circular pipe will have significantly different 
characteristics than steady flow. This study in- 
vestigated the effect of pulsatile flow in a fun- 
nel orifice model where viscous effects are ex- 
pected to predominate, as opposed to a planar 
orifice. A comparison of velocityldistance pro- 
files under pulsatile conditions at different 
phases of the regurgitant flow waveform with 
corresponding steady velocityldistance profiles 
showed little difference. Figure 10 illustrates 
the comparison of the numerical pulsatile pro- 
file at different phases during the cycle to the 
corresponding steady profile. The isovelocity 
contours in Figure 9 appear to  be identical 
upon normalization, except after the peak 
phase in the regurgitant cycle. For 4 = 3 ~ 1 2  the 
contours appear to  be distorted from their pre- 
vious shape. In Figure 10, the change in the 
centerline distribution at this phase is de- 
tectable but small. 

Figures 11A-l1C show the peak regurgitant 
phase profile against the corresponding nu- 
merical steady profile obtained by CFM for 
three different flow cases. The experimental 
and theoretical agreement provides more cred- 
ibility to  the accuracy of the results of this 
study. 

The close agreement between steady and 
pulsatile profiles shows that even in the pres- 
ence of the wall, the combination of pulsatility 
and viscous effects do not alter the character of 
the flow. Doubling the frequency of oscillation 
in the numerical model resulted in no change 
of the flowfield. This agrees with results for an 
unrestricted orifice presented by Shandas.14 
Currently, the investigation is involved with 
numerical models with actual ventricular 
geometry and valvular flap motion. 

Clinical Relevance and Limitations 

The distortion of the flowfield in wall-re- 
stricted valvular regurgitation has been re- 
ported in previous studie~.".'~ The presence of 
ventricular wall or restricted flap motion may 
influence the proximal flowfield by distorting 
the shape of the isovelocity surfaces or center- 
line velocity profile. This distortion is predom- 
inantly attributed to the conservation of mass, 
which imposes a change on the flow character- 
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Figure 12. Time history of the velocity waveform at r* = 0.47. The regurgitant cycle was T = 
0.84 sec. The stroke volume was 139 mL and the peak velocity 339 cm Jsec. (Y = 6.5. The M-mode 
velocity data closely follow the numerical simulation. 

istics in the presence of a geometric change, 
such as wall interference. This is equivalent to  
having channel flow rather than chamber flow. 
The imposed channel flow effect, however, does 
not introduce any temporal viscous effects as 
observed in flow through circular tubes (arte- 
rial flow).ls Temporal viscous effects have been 
reported in the aortic arch and aortic bifurca- 
t i ~ n . ' ~ . ~ ~  This phenomenon is not observed in 
this flow environment, as evidenced by prelim- 
inary experimental and numerical data. One of 
the reasons may be that regurgitant cycle flow- 
field is completely destroyed by the forward cy- 
cle flowfield before the next regurgitant cycle is 
repeated. This is not the case in arterial flow. 
The results of our study are limited by the fact 
that a funnel model was used with no moving 
walls or flaps. However this was considered to 
be the worst case scenario. Current experi- 
ments involve a realistic prosthetic tissue 
valve rather than a conical model, and the re- 
sults of such studies will be reported in the 
near future. Only one representative regurgi- 
tant flow waveform was used; however, model- 
ing other variations of regurgitant waveforms 

should not be considered as a limiting factor, 
since the transient effects are not expected to 
vary significantly from waveform to waveform. 
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