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ABSTRACT

An experimental method, the so-called color-coded Digital Par-
ticle Tracking Velocimetry system was set up in this study to inves-
tigate viscous flow through an artificial bileaflet valve with three
different opening angles, 5°, 30°, and 45°, respectively.  An oscillo-
scope that generated stable wave speed was taken to calibrate measur-
ing result of the equipment.  Besides, a fully developed pipe flow case
was used to check the reliability of experimental system, and a
statistical t-test was performed to further enhance the comparison of
analytical solution and measurement.  From the details of randomly
distributed velocities, interpolated velocity components, and velocity
profiles for the studied flow case, it could be observed that three jet-
like flows through upper, central and lower parts of the two leaflets
occurred in this flow configuration.  Due to the effect of shear layer
at wall boundary and at valve wake, the jet-like flows interfered with
each other, and caused that the larger the opening angle, the stronger
the recirculation region at downstream of valve structure.  As a result,
the velocity distributions exhibited more oscillating phenomenon in
both axial and radius directions for larger opening angle case.  From
error analysis, although these measured results might involve some
uncertainties and incompleteness, they might provide basic flow
characteristics in this type of flow case and relative applications.

INTRODUCTION

Flow problems in general can be studied by three
approaches, which are theoretical method, computer
simulation and experimental measurement.  As the fluid
motion usually involves a very complicated nonlinear
behavior, which is not easy to get an analytical solution,

and that may limit the theoretical method only appli-
cable for some simple flow cases (e.g. colliding flow,
Couette motion; [12, 13]).  In contrast, the computer
simulation using numerical methods such as finite ele-
ment method, finite difference method and finite vol-
ume method, can obtain detailed flow fields to describe
fluid motion in many engineering applications once the
boundary conditions are properly defined.  However,
the computational result requires available experimen-
tal data to verify its accuracy and to check its reliability
[14, 15]. Hence, the experimental result may not as
complete as numerical simulation, but the measurement
may become valuable and a requirement for researching
in this important area, either from theoretical or from
practical point of view.

Distribution of velocity is one of the key elements
to analyze flow field characteristics in different geo-
metrical flow domains.  There are many instruments
available for measuring flow velocity, such as the Laser
Doppler Velocimetry (LDV) or Laser Doppler Anemom-
etry (LDA), which can obtain a very high precision
result, but it may be expensive to build up the system
and may take a long time to obtain data point by point in
the flow domain [6, 19].  Another popular measuring
example is the Particle Image Velocimetry (PIV), which
is cheaper and can take flow images directly from
digital camera, it requires a large amount of memory to
store the images and the post-analysis may be also time
consumption [1, 9, 17].  However, these drawbacks are
no longer existent as more advanced technology of
hardware and software have been developed in the
recent years.  Alternatively, for the sake of economical
concern, the Digital Particle Tracking Velocimetry
(DPTV, [27, 28]) based on the principle of PTV [10, 18,
22] may consider as an applicable tool, which is able to
obtain the distribution of velocity by interpolation for
the entire flow domain in a short time without too much
computer storage.  Thus, in the present study, a color-
coded DPTV experimental system is set up to measure
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flow velocity profiles at the downstream of a semicircu-
lar bileaflet valve situated in a closed conduit.

The configuration of bileaflet valve may be fre-
quently found in the field of biomedical engineering.
For instance, due to the advantages of low profile and
less side effects reported in the real world, the most
popular mechanical valves used in recent years such as
St. Jude, Carbomedics and Edwards-Duromedics, mainly
consist of a set of bileaflet.  Without a doubt, there are
many reports including numerical computations and
experiments have been published in this crucial topic
[2, 6, 7, 16, 23, 24].  However, the application of using
a color-coded DPTV to investigate this flow problem is
rarely seen and still opened for latter researchers.
Therefore, the purpose of this study is mainly to set up
a DPTV experimental system to measure flow field, in
particular, the distribution of velocity for flow through
a semicircular bileaflet device with different open angles
in a closed conduit.

The contents of this study include at the beginning,
an oscilloscope capable of creating a highlighted point
with stable wave speed, 5.2 and 10.4 cm/s, respectively,
is taken to calibrate the measuring equipments.  Then,
the comparisons of analytical solutions with measure-
ments in a fully developed laminar pipe flow at Reynolds
number equals to 1500 is employed to check the reli-
ability of experimental system.  Finally, the measure-
ment is focused on the case of semicircular bileaflet
valve existed in the flow domain.  A steady flow through
three different bileaflet opening angels, 5°, 30°, and 45°,

respectively, is examined on the downstream region of
the valve system.  The details of randomly distributed
velocity, interpolated velocity in different components,
and velocity profile at selected sections are presented
for the three opening angles.  The errors or uncertainties
are described and estimated according to various sources
in the measuring system.  The measured results may
provide an insight of this flow case and may provide
useful information for the relevant engineering
applications.

EXPERIMENTAL  SETUP  OF  THE  DPTV
SYSTEM

To obtain the distribution of velocity in flow
domain, the experimental instruments must be properly
arranged.  As sketched in Figure 1, the present experi-
mental measurement setup is a recursive piping system,
which includes the following major items: (1) An inlet
and an outlet water storage tanks of dimensions 47.5 ×
47.5 × 100 cm3 and 38 × 38 × 50 cm3, respectively.  A
spill hole at the upper region of inlet tank is worked to
keep the water level at the same height. (2) A pump at
the outlet tank that can provide 90 liters water per
minute. (3) A water temperature controller for prevent-
ing temperature variation during flow measurement. (4)
Two straight circular acrylic pipes, the first section has
2.8 cm, 2.5 cm and 2 m in outer diameter, inner diameter
and total length, respectively.  The second section has
6.0 cm, 5.6 cm and 4 m in outer diameter, inner diameter

Fig. 1.  Sketch of major items in experimental recursive piping system.
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and total length, respectively.  In between, a bundle of
straw is inserted as buffer zone for adjustment of flow-
ing condition, each straw has 7 cm in length and 0.5 cm
in diameter. (5) Other components such as valves,
sponges and supporters are added for controlling flow
rates and putting fluorescent particles.

In the measuring area, a detailed connection of
instruments is displayed in Figure 2.  Note that a 20 mW
He-Ne laser beam by Uniphase is taken as the illuminat-
ing source, and a beam splitter prism glass bar with
convex lens is used to form a light sheet in this investi-
gation region.  In addition, manufactured by Duke Sci-
entific Corporation, the traceable polystyrene micro-
spheres of each have 50.4 ± 1.0 µm in diameter and 1.05
kg/m3 in density are taken as the fluorescent seeding
particles for tracking the water flow.  For capturing flow
images, the Dalsa-Cad1-0256 charge coupled device
(CCD) camera, with resolution 256 × 256 pixels is used
with Coreco Oculus-F/64 frame grabber board in per-
sonal computer [5, 20, 21].  This device contains arith-
metic logic unit (ALU), input look up table (ILUT),
output look up table (OLUT) and video random access
memory (VRAM), which is capable of transferring im-
ages into monitor and film recorder. Furthermore, the
DPTV software and Tecplot software [4, 11, 25] are
applied to analyze the measuring results and post-plots
by their multi-functions.

The principle of particle tracking technique is
basically by taking the trajectory of moving particle in
a frame image, which records both of length and time

parameters to calculate the flow velocity.  The present
DPTV system uses Computar MLH-10X variable focus
lens with zoom 0.084X-0.84X and diaphragm F5.6 in
CCD camera.  This instrument is able to measure the
flow velocity as low as 0.41 cm/s within a 5.5 × 5.5 cm2

frame, which is suitable for the present flow configura-
tion and is sufficient for laminar flow measurement.
Once the flow images are taken from the CCD camera
continuously, an overlay image with four gray levels
from sequential binary images is gained by using ILUT
and ALU.  Then, by defining the four gray levels with
the use of OLUT, a color-coded image (i.e. red, yellow,
green and blue colors represent four different gray
levels) is obtained to view the result more clearly.  After
thinning treatment to the structure of color-coded image,
the simplified image information can be easily stored in
computer for further analysis.

CALIBRATION  AND  VERIFICATION OF THE
EXPERIMENTAL  SYSTEM

There are many factors may affect the experimen-
tal result and cause an error during the entire measuring
process. To reduce the occurrence of errors in
experiment, some efforts may be made in this study.  For
example, the estimation of water temperature will arise
about  4.9 × 10−4°C from the 20 mW laser light, which
is minor and a temperature controller is used to prevent
its variation.  Another example is the use of polystyrene
fluorescent particle, which is expensive but much better
than the common aluminum particle.  The polystyrene
particles may uniformly distribute in fluid flow, and the
seed has a very small relative velocity (1.9 × 10−2 cm/s
estimated) by comparing with flow velocity to reduce
the drag force effect.  Additional examples such as
using a scaled ruler to revise the photo incline angle
effect, shortening the exposure time as possible to de-
crease the flow fluctuation effect, choosing a suitable
interpolation method and reducing inlet flow velocity to
reduce the recirculation effects.  Also, one concern is
that the present method uses head-tail connected straight
line to reconstruct the velocity fields, the error may be
generated due to the curve surface of pipe and also due
to the difference of refraction coefficients in light trans-
port media which including water, acrylic pipe, air and
CCD lens.  The detailed analysis of these effects can be
a very complicated work, but a simplified way to esti-
mate the error may be shown as the following auxiliary
figure and equation.

ε =
Rθ – L

Rθ × 100% (1)

In Figure 3 and equation (1), R is the curvature
radius, θ is the relative angle, L is the length of calcu-Fig. 2.  Instrumental connection details in the measuring area.
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lated velocity, Rθ is the real length of curve line, and ε
is the relative error.  The error is small for a smoother
flow field area, but it will become significant for a large
flow recirculation zone, which may limit the accuracy
of a large Reynolds number flow condition and a large
bileaflet open angle flow case.  The correction of mea-
sured velocity field may be made according to the above
equation, but it may become a tedious task for a ran-
domly distributed velocity field.

Nevertheless, no matter what reason to cause the
error, it is important to calibrate the experimental
setup using available methods.  In this study, an oscil-
loscope capable of creating a highlighted point with
stable wave speed is taken as a tool to check the measur-
ing equipments.  The applied model China Tech D50-
102 oscilloscope can provide single point wave in a
length of 10.4 cm region, with periods of 2.0 and 1.0

seconds, which are equivalent to 5.2 and 10.4 cm/s of
wave speeds, respectively.  Shown in Figure 4 is the
original and thinning tracer for the two different wave
speeds grabbed by the color-coded DPTV system.  Be-
cause a small part of line segments at the head and the
end of the four-color tracer may be cut after thinning,
thus only two portions in the middle of tracer are taken
for velocity calculation, and the equations are as follows:

u = (X/Nx) (N2x − N1x)/∆T (2)

ν = (Y/Ny) (N2y − N1y)/∆T (3)

where u and ν are the velocities in x and y directions,
respectively; X and Y are the image actual lengths in x
and y directions, respectively; Nx and Ny are the num-
bers of image pixels in x and y directions, respectively;
N1x, N1y are the initial image coordinates at the second
line segment; N2x, N2y are the end image coordinates at
the third line segment; and ∆T is the time interval.  As
different frame size may result in different resolution,
which will have an influence on the measured velocity.
The present experimental system is tried to perform
measurement with different frame areas, and a rela-
tively better frame size 5.5 × 5.5 cm2 with 3 images for
each color segment is chosen for fitting in flow cases
studied herein.Fig. 3.  Physical relationship between curve line and straight line.

Fig. 4.  Original traces and color segments after thinning for different particle speeds.



T. Kerh et al. : Measurement of Velocity Distribution for Flow through a Bileaflet Valve Using Color-Coded Digital Particle 5

To further check the reliability of measurement
system, in the next is the comparison of fully developed
flow in a conduit.  As displayed in Figure 5 the experi-
mental result is compared with analytical solution for
Reynolds number equal to 1500.  For a laminar circular
pipe flow, the analytical solution can be theoretical
obtained from the velocity equation according to
Newton’s second law in a control volume [29].  The
Reynolds number is defined as Re = VavgD/ν, where ν is
the kinetic viscosity of fluid, and D is the pipe diameter.
Here the averaged flow velocity Vavg is calculated from
flow rate and pipe cross-section area at the outlet of
experimental system.  Note that the randomly flow
velocity is a superposition result from 30 times experi-
mental measurements.  Then, by taking 10 profiles in x-
direction and 70 profiles in y-direction, with the use of
inverse distance weighting method, the interpolated
velocity profiles are obtained, and a profile is used to
make comparison with analytical solution.  It can be
seen that the experiments are in reasonable agreements
with analytical solutions for this flow case.  To further
enhance the above statement, a statistical t-test is per-

formed for the case, and the result is t = −1.303.  This
value passes the test as it complies with the acceptance
interval −1.995 < t < 1.995, under 69 degree of freedoms
and 5% significance level.  This comparison provides us
confidence of using the present color-coded DPTV
system, and the same technique will be applied for
examining more complicated flow case in the next
section.

DISTRIBUTION  OF  VELOCITY  FOR  FLOW
THROUGH  A  BILEAFLET  VALVE

Now by considering an artificial bileaflet valve is
placed into the circular pipe in the investigating area,
and a detailed drawing of the valve is shown in Figure
6.  The opening angle of leaflet (α) is able to adjust by
the screws, and there are three opening angles, 5°, 30°
and 45° are examined in this study.  This bileaflet valve
has a semicircular shape, with 2 cm in radius and 0.3 cm
in thickness, which is connected to a 0.9 cm wide ring
with 0.4 cm in thickness.  Due to the pipe boundary is
supported by the artificial valve, the diameter of circu-
lar pipe is constricted from 5.6 cm to 4.8 cm, in addition
to the effect of two leaflets, the fluid motion may expect
to become very complicated at the downstream.  To
prevent too much errors may occur in measurement for
the high recirculating flow problem, a moderate Reynolds
number Re = 1196, as defined in previous section, is
measured in this flow case.

0.7 cm

0.4 cm

5.6 cm

/2α /2α

0.9 cm

r = 2 cm

leaflet

plastic ring

screw screw

0.3 cm

Fig. 5. Distribution of velocity: (a) randomly velocity, (b) interpolated
velocity, and (c) comparison of experimental result with ana-
lytical solution (Re = 1500, [29]). Fig. 6.  Detailed sketch of the artificial bileaflet valve.
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The distributions of velocity are shown in Figures
7, 8, and 9 for opening angles equal to α  = 5°, 30°, and
45°, respectively. In these figures, plot (a) presents the
randomly distributed velocity, which is obtained from a
superposition of 30 times measurements at the same
flow condition; plot (b) denotes the interpolated velocity;
plot (c) is the interpolated velocity in axial-component;
and plot (d) is the interpolated velocity in radial-
component.  It is noted that the two leaflets and the
opening angles are shown as a reference, which is not
scaled to fit in velocity vectors in each plot.  Also note

that in plot (a) of these figures, because the laser beam
light source can not go through the valve structure, and
the velocity at valve region can not be captured com-
pletely by the CCD camera, so that the continuity equa-
tion is not held near this region.  By checking the mass
conservation of each cross section, the variations may
range about up to 3.6%, 4.2%, and 40.6% for the opening
angles equal to α  = 5°, 30°, and 45°, respectively.  That
is, the measuring results exhibit less accuracy or may
even have unreliable measurements due to highly dis-
turbed flow situation in the highest opening angle flow

Fig. 7. Distribution of velocity: (a) randomly distributed velocity, (b)
interpolated velocity, (c) velocity in axial-direction, and (d)
velocity in radial-direction (α = 5°, Re = 1196).

Fig. 8.  Distribution of velocity: (a) randomly distributed velocity, (b)
interpolated velocity, (c) velocity in axial-direction, and (d)
velocity in radial-direction (α = 30°, Re = 1196).
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case.  However for all cases, this principle has a better
shape for velocity farer at downstream of the valve body
despite the existence of some measuring errors.

From all these plots, it can be found that at opening
angle α  = 5°, because the two leaflets are nearly parallel
to each other, the flow at downstream does not disturb
too much by the valve body, thus the recirculation area
is not found from the randomly distribution of velocity.
In this situation, there exists no negative interpolated
velocity component in axial direction, and small value
is found for velocity component in radial direction.  But

Fig. 9. Distribution of velocity: (a) randomly distributed velocity, (b)
interpolated velocity, (c) velocity in axial-direction, and (d)
velocity in radial-direction (α = 45°, Re = 1196).

as the opening angle becomes α  = 30°, the recirculation
region is easy to observe at downstream of the leaflet
due to flow separation.  This wake flow effect results in
the negative velocity components in both axial and
radial directions which are getting larger by comparing
with previous case.  When the opening angle reaches α
= 45°, the flow is disturbed very significantly by the
valve structure, and the recirculation zone is the stron-
gest among these three opening angles.  Thus more
oscillating negative velocity components in both axial
and radial directions are found from the plots.  In all
cases, it can be seen that there are three jet-like flows
through upper, central and lower parts of the two leaflets.
Because of flow squeezing effect for the two leaflets
with boundary walls, there may exist a switching of
flow field, but it is difficult to observe this phenomenon
as it will change with time.  From the present steady
limited sample measurements, a slightly oscillation re-
sult may be found from velocity profiles at radial direc-
tion as shown in Figure 7(d) to Figure 9(d) for three
opening angles.  It can be seen that positive and negative
velocities of radial direction in turn along the axial
distance component, and which become more signifi-
cant for the larger opening angle case.  The detail
quantity of these velocities may be taken from a profile
of the plots, but there are small values by comparing
with velocities in axial-component.  This oscillation
behavior may cause the jet flows near upper wall and
lower wall regions to grow their strength and mixing
with the central jet flow, which may cause chaotic flow
fields and make it more difficult to measure velocity
field in the larger opening angle flow case.

From biomedical engineering standpoint, the re-
circulation zone will cause thrombus formation if an
artificial valve is implanted in a blood vessel.
Furthermore, since the definition of wall shear stress is
proportional to the gradient of velocity near wall
boundary, hence the occurrence of jet flows near upper
and lower walls will damage the blood cells along the
vessel boundary after a sufficiently long time action.
These side effects of using an artificial valve must be
carefully concerned for the persons working in this area.
Actually, these negative impacts are inevitable as the
artificial valve is in general made by rigid material,
which may never resemble the elastic feature of a real
heart valve.  An elastic type of artificial valve may be
designed in today, but it is easy to damage and suffers
from failure for using repeatedly after a period of time.
As soon as the technology in material science is im-
proved to overcome weakness of an elastic valve, the
behavior of flow separation at valve tail may be reduced
to decrease the negative side effects.

To further understand the degree of velocity field
affected by the bileaflet opening angle, three interpo-
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Fig. 10. Velocity profiles at section 1 for three opening angles (Re =
1196).

Fig. 11. Velocity profiles at section 2 for three opening angles (Re =
1196).

Fig. 12. Velocity profiles at section 3 for three opening angles (Re =
1196).

lated axial velocity profiles at valve downstream 2.2 cm
(section 1), 3.2 cm (section 2) and 4.2 cm (section 3), are
taken for analysis.  Note that these interpolated velocity
profiles are chosen to facilitate the comparison, which
are not shown in previous velocity distributions.  Pre-
sented in Figure 10, 11, and 12 are the results for three
opening angles at these three sections.  Because the
chosen sections are somewhat a little bit away from the
valve body, it can be observed that there is not too much
difference for the cases of α  = 5° and α  = 30°, but there
does exist more velocity variations and more negative
velocities for the case of α  = 45°.  Theoretically, these
velocity profiles should be in a symmetrical shape as
long as every item of measurement is under controlled.
However, the shape of two leaflets may never be pro-
duced really symmetry, the valve structure may not be
inserted precisely in the circular pipe, and the angle
between two leaflets may not be opened exactly.  In
addition, other experimental components such as screws,
plastic rings and bubbles, all may have an influence on
the flow measurement.

In this study, the averaged measuring results are
yielded by 30 experimental measurements at the same
condition, which may not be sufficiently to generate an
accurate result for fitting in the theoretical concept.
But, the 30 sample results fulfill the minimum require-

ment from a statistical sense.  Furthermore, from the
generation of error sources as described in section 3, the
errors or uncertainties in the present measuring results
may be estimated by the following items: (1) the error
from thermal effect is neglected because it is too small
and a controller is used to keep a constant water
temperature; (2) the relative velocity 1.9 × 10−2 cm/s of
polystyrene particles may produce 0.18% − 0.37% er-
rors if the maximum flow velocities range from 5.2 cm/s
 to 10.4 cm/s  are used for comparison; (3) by using the
calibration result from an oscilloscope with two differ-
ent wave speeds, the image resolution errors have
1.07% − 4.96% based upon 5.5 × 5.5 cm2 frame size with
3 images for each color segment; (4) an experimental
result of rotating disc may be applied to estimate the
errors between curve line and straight line segments [3],
and the interpolated values are 4.24% − 5.29% for both
velocities; (5) the inclined angle between CCD and
measuring face is controlled within the range of 1° − 5°
in general, and thus the errors are about 0.03% − 0.38%
[26]; (6) the image distortion caused by light refraction
is about under two pixels which may produce 0.1% −
0.8% errors [26].  Therefore, the present experimental
system may generate 5.62% − 11.80% estimated errors
in total, and the root mean square errors (RMSE) are
4.38% − 7.31% for both reference flow velocities.  These
uncertainties do affect the accuracy of measurement,
but the characteristics of resulting flow field may still
have a technical reference merit.  Surely, much more
measurements such as over 1000 times at the same flow
condition may be performed for increasing the accuracy,
and a flow visualization may be included to enhance the
results, but the present budget-limit experimental sys-
tem has its limitation, which is out of capability to
generate a precise result.  In addition, the opening angle
of valve structure may be adjusted by try-and-error, or
even by taking only one half of measured velocity
profile as the basis to produce a fully velocity profile
using mapping technique to satisfy the symmetric
behavior.  Whereas, these modifications may have a
controversy as the measuring conditions can never be
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perfect in practice.  Anyway, with a limited resource of
experimental system, the present measuring results do
involve some errors and incompleteness, but they may
still reflect some of important flow patterns, which
provide a basic insight of flow characteristics in this
type of flow case.  Some other ways may be applied to
improve the accuracy of measurement, such as by using
a higher power of laser beam to capture the traces more
easily, and by installing more video random access
memory to increase the image resolution, but these are
out of the present experimental resources.  Although the
present color-coded DPTV measurement system may
not as good as a LDV system, it does provide a minimum
requirement for flow measurement, and the obtaining
results may have a suitable value for reference in engi-
neering applications.

SUMMARY  AND  CONCLUSION

Due to cost inexpensive and the capacity of obtain-
ing the distribution of velocity by interpolation for the
entire flow domain in a short time without too much
computer storage, in this paper, a color-coded Digital
Particle Tracking Velocimetry experimental system has
been set up to investigate viscous flow through an
artificial bileaflet valve with different opening angles.
The details of randomly distributed velocities, interpo-
lated velocity components, and velocity profiles at the
chosen sections have been presented and illustrated for
the different flow cases.

At the beginning of this study, the experimental
system has been calibrated by using an oscilloscope that
is capable of creating two optional stable wave speeds
(5.2 and 10.4 cm/s).  And a suitable frame size has been
decided in measurement  for  the present  f low
configuration.  In the next, the measurements have been
compared with analytical solutions in a case of fully
developed pipe flow.  A Reynolds number (1500) has
been studied and the statistical t-test result has proved
the reliability of the present experimental method.
Finally, the measurement has been focused on the case
of semicircular bileaflet valve included in the flow
domain. Three different bileaflet opening angels (5°,
30° and 45°) have been examined on the downstream
region of the valve system.

The measured results have shown that there ex-
isted three jet-like flows through upper, central and
lower parts of the two leaflets.  Because of flow squeez-
ing effect for the two leaflets with boundary walls, the
jet flows near upper wall and lower wall regions have
grown their strength and mixing with the central jet
flow.  This flow separation phenomenon has caused
the larger the opening angle, the stronger the recircula-
tion area under the flow conditions studied herein.  In

consequence, the wake flow effect has resulted in more
oscillating negative velocity components in both axial
and radial directions for larger opening angle case.  The
measuring results obtained from the present budget-
limit experimental system might involve some errors
and incompleteness (totally estimation errors 5.62% −
11.80%, and the root mean square errors 4.38% −
7.31%), but they might have reflected some of impor-
tant basic flow patterns.  Although other measurement
equipment or more measurements at the same flow
condition might be employed for improving the accuracy,
it might cost expensive and time consumption.  Thus for
economical concern, the present experimental results
might moderately provide an insight of flow character-
istics in this flow type, and might provide useful infor-
mation for the relative engineering applications.
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