Visualization of blood flow in aortic arch by using PIV method
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ABSTRACT
To prevent the complication at the surgical operation using the extracorporeal artificial heart, the blood flow in an
aortic arch perfused from a cannula should be investigated in detail. In this paper, the water flow issued from the
cannula in an aortic arch glass model was investigated in detail by Particle Image Velocimetry. The five types of
cannula with different exit shape were tested in the present experiment. Figure 1 shows one of the results of the PIV
flow measurement. Figure shows the velocity magnitude distribution and the streamline in the common median plane of
the aortic arch model with the Cannula A visualized by the PIV method, and those in the cross sectional plane of the
aorta at the several downstream locations. The cannula is indicated at the lower right in the figure. The large
counterclockwise vortex is recognized in the common median plane at the beginning of the descending aorta. The
perfusion flow from the cannula has an exit velocity of 0.6 m/s, and goes toward the first arterial branch without
deceleration, and is directed to the descending aorta along the outer wall of curvature of the aortic arch. From the
streamlines in the cross sectional planes shown in the figure, the clockwise and counterclockwise vortices exist
simultaneously in the cross section between the cannula exit and the first arterial branch. Downstream of the first
arterial branch, the two vortices are combined into a clockwise vortex. The vortex flow in the cross sectional plane
downstream of the first arterial branch is consistent qualitatively with the helical flow at the maximum distension
period reported by Kilner et al. (1993).
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Fig.1. Velocity magnitude distribution and streamlines in aortic arch model with Cannula A

1. INTRODUCTION
In the surgical operation of the heart, the blood is perfused into the aorta from the extracorporeal artificial heart through
a cannula. In this case, the blood flow issued from a cannula impacts the intravascular wall, and it sometimes detaches
the atherosclerotic material from the aortic intima. The complication such as thrombosis is caused when the detached
atheroma is sent to the capillary, and blocks the blood flow. To prevent this kind of complication the blood flow in the
aorta issued from the cannula should be investigated in detail.
Yearwood and Chandran (1984) visualized the flow pattern in a human aortic arch by using the cine camera and
measured the velocity distributions in a several planes by the hot-film velocity probe. And they estimated the wall shear
stress. Pei et al. (1985) measured the wall shear stress distribution of a human aortic arch model by an electrochemical
technique. They used 130 cathode electrodes flush-mounted on the model wall to measure the wall shear stress, and
measured the detailed wall shear stress distribution. Liepsch et al. (1992) visualized the flow in a true-to-scale elastic
model of a human aortic arch by laser Doppler velocimetry. They showed the detailed velocity distributions in the
several cross sections. Kilner et al. (1993) made clear the helical and retrograde secondary flow in a human aortic arch
by magnetic resonance method. They pointed out that the twisted curvature of an aortic arch might lead to dominance
of helical flow. Endo et al. (1996) conducted the flow visualization in a dog aortic arch by using a cine camera. They
made clear the detailed flow pattern and the wall shear stress in the vicinity of an aortic tree. They also reported the
existence of the helical secondary flow in the dog aortic arch. Yoshii et al. (1996) visualized the blood flow and the
wall motion of the aortic arch by using the cine magnetic resonance imaging method. The flow dynamics in the human
aorta was reviewed by Chandran (1993).
On the other hand, the studies on the shape of a cannula tip have been carried out by many researchers. Grossi et al.
(1995) investigated the effect of a cannula length on the flow in an aortic arch. They measured the Doppler flow
patterns in the aortic arch inserted two types of cannula with different lengths by a hand-held ultrasonic probe. JoubertHubner et al. (1999) evaluated in vitro the aortic arch vessel perfusion characteristics of six types of cannula with
different shapes of cannula tip. They made clear the relationship between the flow rate and the pressure in an arch
vessel for the different types of cannula. Weistein (2001) investigated the flow patterns in the aortic arch with three
different types of cannula by a visualization method. Thus, there are many studies on the flow pattern in an aortic arch
without a cannula, and some in vitro studies on the cannula tip. However, there are few researches on the effect of the
cannula tip shape on the flow pattern in an aortic arch inserted a cannula.
The shape of the cannula tip and its position in the aorta are major parameters that influence the blood flow in the aortic
arch. In this research, the transparent glass model of the aortic arch was made. The blood flow was injected from the
cannula, which is used practically at the surgical operation of a heart. And the blood flow in the aortic arch was
visualized by using Particle Image Velocimetry (PIV) method. The five types of cannula with different tip shapes were
tested in the visualization experiments.

2. EXPERIMENTAL METHOD AND PROCEDURES
Figure 2 shows the experimental apparatus of the flow visualization. The transparent glass model of the aortic arch was
fabricated based on the CT image of that of a normal adult man. The axis of an aortic arch model is twisted threedimensionally like a human aortic arch. This distortion gives rise to a second flow, and makes a flow complicated. The
flow in the aortic arch was measured by PIV method. To prevent the laser light scattering at the wall of a glass model,
the aortic arch model was submerged in a glass water tank. The aortic arch model was mounted on the threedimensional mechanical stage, and its position was controlled precisely by the computer. The cannula was inserted in
the aortic arch at the middle of the ascending aorta. The five types of cannula with different tip shapes were tested in
the present experiment. The flow visualization by the PIV method was carried out in the common median plane of the
aortic arch and the thirteen cross sectional planes. At the PIV measurement in the cross sectional plane, the pictures
were taken from the opposite side of a cannula insertion hole against the aortic arch (downstream side).
The water including the solid particles was circulated continuously in the system. The water was supplied steadily into
an aortic arch model by the centrifugal pump through the cannula. The water issued from the descending aorta and
three arterial branches goes back to the tank. The water flow rate was controlled by the centrifugal pump and the
electromagnetic flow meter. In order to control the pressure in the aortic arch, the needle valve was installed
downstream of the aortic arch. The total flow rate of three branches is from half to one third of the descending aorta.

Fig.3. Detailed cannula

Fig.2. Experimental apparatus

Fig.4. Measurement points

This flow rate ratio is different to some degree for each type of cannula. Whereas, at an actual extracorporeal
circulation the blood flow rate toward the upper half of the body is about one third of that toward the lower half.
Figure 3 shows the details of the aortic arch glass model. The inner diameter of an aorta is about 30 mm, and the aortic
arch has three arterial branches with the inner diameter of 8.5mm. The insertion hole of a cannula is located in the
middle of an ascending aorta (right-hand side of the model). The hole inner diameter is about 8.5 mm. Figure 4 shows
the locations of the measurement cross sectional planes. The figures in Fig.4 indicate the distances, S along the
centerline of the aortic arch from the cannula entrance. The flow visualization experiments in the cross sectional plane
were carried out every 5 mm along the center line from 20mm to 80mm downstream of the cannula entrance.

(a) Cannula A

(b) Cannula B

(d) Cannula D

(c) Cannula C

(e) Cannula E

Fig.5. Liquid jet injected from various types of cannula

Figure 5 shows the liquid jet injected from each cannula to the atmosphere. A thick liquid jet is injected from the
Cannula A obliquely against the cannula axis. From the Cannula B, a thin liquid film fans out. Four liquid films are
injected from the Cannula C obliquely against the cannula axis. In the case of Cannula D, a thick liquid jet is injected in
the center and the thin liquid film is injected around a liquid jet. In the case of Cannula E, a slender liquid jet is injected
in the direction of cannula axis. For the each cannula, the liquid flow from the exit differs greatly from each other.
These aspect differences of injected liquid jets cause the different liquid flows in an aortic arch.
By the flow visualization experiments, the effect of the liquid flow rate on the qualitative flow pattern in the aortic arch
was small. So, the experimental results at the liquid flow rate of 4.0 L/min., which is the normal blood flow rate of an
adult, were reported in the present study. The water was tested as a simulated blood at the first step. The water
temperature was controlled in the range of 21.4 - 21.9 °C and the pressure in the aortic arch model was maintained
between 50 and 70 mmHg, that is the average blood pressure in the normal human aortic arch. The viscosity of the
water is smaller than that of the blood. Therefore, the Reynolds number of the water flow in an aortic arch is about five
times as large as that of the blood flow in a human aortic arch. However, both of the water flow in the glass model and
the blood flow in a human aortic arch are turbulent. So, it is inferred that the flow patterns of both models are resemble
qualitatively each other.
As the tracer of the PIV system, the solid particles with the diameter of 75-150µm were added in the water. The power
of a double pulse YAG laser of PIV system (TSI) is 30 mJ, and the effective pixel number of the cross-correlation
camera is 1008x1018.

3. RESULTS AND DISCUSSION
3.1 Cannula A
Figure 6 shows the velocity magnitude distributions and the streamlines in the common median plane and the various
cross sectional planes of the aortic arch model with a Cannula A. From the velocity distribution in the common median
plane, the liquid jet issued from the cannula has a velocity of about 0.6 m/s on the average, and impinges on the first
arterial branch with a little deceleration. The averaged velocity at the outer wall of curvature is larger than that at the
inner wall. The impingement of the liquid jet injected from the cannula on the outer wall causes the large
counterclockwise vortex between the second and third arterial branch. The liquid jet impinged on the first arterial
branch is directed to the descending aorta by the counterclockwise vortex along the outer wall of curvature. The flow
rate of the liquid that flows out through the first arterial branch is large, because of the impingement of a liquid jet on
the first arterial branch. On the other hand, a backward flow takes place in the third arterial branch by the
counterclockwise vortex. The twin vortices that have different rotational directions are observed in the cross sections at
between S=20 and 45mm. After the liquid jet from the cannula impinges on the outer wall of curvature, the liquid flows
clockwise and counterclockwise in the azimuthal direction along the inner wall of an aortic arch. These clockwise and
counterclockwise flows give rise to the twin vortices. The twin vortices change into a counterclockwise vortex at the
second arterial branch. This is caused by the twist of the aortic arch centerline.
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Fig.6. Velocity magnitude distribution and streamlines (Cannula A)

Fig.7. rms distribution (Cannula A)

Figure 7 shows the root-mean-square (rms) distribution of the velocity magnitude fluctuation, Urms in the common
median plane. The rms value is large near the outer wall of curvature and small near the inner wall. This trend coincides
with that of the velocity magnitude. The liquid flow near the first arterial branch is disturbed largely by the
impingement of a liquid jet from the cannula on the outer wall of curvature.
3.2 Cannula B
Figure 8 shows the velocity magnitude distribution in the common median plane of the aortic arch model with a
Cannula B. In the case of Cannula B, the liquid issued from the cannula fans out, and forms the thin sheet-shaped jet
with large velocity, as shown in the figure of the cross section at S=25mm. The liquid injection velocity from the
Cannula B is larger than that of the Cannula A. However, the liquid flow from the Cannula B exit is decelerated more
rapidly than that from the Cannula A due to the viscosity dispersion. Since the liquid jet issued from the Cannula B has
a larger surface area than that of the Cannula A, the effect of the viscosity dispersion on the liquid momentum in the
case of the Cannula B is larger than that in the case of the Cannula A. Since the liquid flows along the inner wall of the
aortic arch after the fan-shaped jet impinges on the wall, the liquid velocity near the inner wall is larger than that in the
center. From the streamlines shown in the figure of the common median plane, the large clockwise vortex is recognized
upstream of the cannula exit, counterclockwise vortices near the first arterial branch and third arterial branch, and
clockwise vortex in the descending aorta. From the streamlines shown in the various cross sections, the large clockwise
vortex exists in the cross sections at between S=35 and 60mm. Downstream of the cross section at S=60mm, the vortex
is distorted, and then it is transformed into two vortices with different rotational directions. By the effects of these
vortices, the liquid in the descending aorta and the third arterial branch flows backward.
Figure 9 shows the rms distribution of the velocity magnitude fluctuation in the common median plane of the aortic
arch. The figure shows that the disturbance of the liquid flow near the cannula exit is large. Specially, the disturbance
in the cross section at S=25mm has the largest rms value of 0.85m/s. On the other hand, downstream of the cross
section at S=50mm the rms value decays and the flow becomes stable.
3.3 Cannula C
The velocity magnitude distribution and streamlines in the common median plane of the aortic arch model with a
Cannula C are shown in Fig10. The liquid injection velocity from the cannula is small compared to the other types of
cannula. The liquid velocity from the cannula decelerated rapidly like a Cannula B due to the viscosity dispersion. This
is because that the total surface area of the liquid jet issued from the Cannula C is larger than those of other types of
cannula like a Cannula B. One of the liquid jets issued from the Cannula C impinges on the inner wall of curvature.
This impingement causes the counterclockwise vortex in the ascending aorta. Near the first arterial branch, the velocity
near the wall is larger than that in the center, because the liquid flows along the inner wall of the arch after the
impingement on the wall. One of the liquid jets issued from the cannula is injected toward the third arterial branch, and
this causes the increased flow rate through the third branch. The clockwise vortex is observed upstream of the first
branch, and the counterclockwise vortex near the third branch. The intensities of these two vortices are smaller than
that of the counterclockwise vortex in the ascending aorta. From the streamlines shown in the cross sectional planes,
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Fig.8. Velocity magnitude distribution and streamlines (Cannula B)

Fig.9. rms distribution (Cannula B)
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Fig.10. Velocity magnitude distribution and streamlines (Cannula C)

Fig.11. rms distribution (Cannula C)

the centers of the clockwise vortices in the cross section between at S=40mm and 55mm are prejudiced to the right side.
Downstream of the cross section at S=60mm, the center of the vortex transfers from the right side to the center.
Figure 11 shows the rms distribution of the velocity magnitude fluctuation in the common median plane. Figure shows
the disturbance of the liquid velocity is large between the cannula exit and the first arterial branch. The rms value is
also large at the inner wall of curvature. This is because the four liquid jets injected from the cannula disturb the
surrounding liquid flow, and one of them impinges on the inner wall of curvature. The rms values are larger than the
other types of cannula throughout the aortic arch.
3.4 Cannula D
The Cannula D has four exits at the tip. The one exit is in the center, and the other three exits surround the center exit.
Since the center exit has a largest cross sectional area, its flow rate is larger than the others. So, only at the large flow
rate the surrounding exits have effects on the liquid flow in the aortic arch. Figure 12 shows the velocity magnitude
distribution and streamlines of the aortic arch model with a Cannula D. The liquid flow from the Cannula D impinges
on the inner wall of curvature, and then is directed toward the third arterial branch. This flow causes the relatively large
flow rate of the third arterial branch. Since the liquid flow from the cannula is decelerated slowly, the liquid velocity in
the vicinity of the third arterial branch keeps its initial velocity. The clockwise vortex is observed near the first arterial
branch, and the counterclockwise vortex in the descending aorta. The counterclockwise vortex feeds the liquid towards
the bottom of the descending aorta. From the streamlines in the cross sectional planes, the vortex motion is not as
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Fig.12. Velocity magnitude distribution and streamlines (Cannula D)

Fig.13. rms distribution (Cannula D)
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Fig.14. Velocity magnitude distribution and streamlines (Cannula E)

Fig.15. rms distribution (Cannula E)

strong as the other types of cannula. This is due to that the axial velocity of the liquid jet from the Cannula D is larger
than those from the other types of cannula.
Figure 13 shows the rms distribution. The figure shows that the rms distribution has a large value near the inner wall of
curvature. This is due to the impingement of the liquid flow from the cannula on the inner wall. The rms values near the
outer wall of curvature are relatively small.
3.5 Cannula E
The exit of the Cannula E is round, and its cross sectional area is almost similar to the Cannula A. However, a liquid jet
is injected from the cannula in an axial direction unlike the Cannula A. Figure 14 shows the velocity magnitude
distribution and streamlines of the aortic arch model with a Cannula E. The figure shows the small velocities in the
whole area, but this may not express the real velocity distribution in the aortic arch model. It is seemed that since the
liquid flow in the vicinity of the cannula exit is disturbed greatly by the liquid flow going back after the impingement
on the inner wall of curvature, the movement of the tracers cannot be captured precisely. The liquid flows upward
along the inner wall of curvature after the impingement on the wall. This flow causes the large clockwise flow in the
center of an aortic arch. In the first arterial branch, the backward flow takes place due to the clockwise vortex. From the
streamlines in the cross sectional planes, a clockwise vortex is observed in the whole planes. These figures show that
the liquid flow in the aortic arch is stable.
Figure 15 shows the rms distribution in the common median plane. The distribution has a peak near the inner wall of
curvature. This is due to the impingement of a liquid jet from the cannula on the inner wall of curvature. Totally the
rms values in the whole area are smaller than those of other types of cannula.
3.6 Comparisons between Various Types of Cannula
3.6.1 Velocity
Figure 16(a) shows the maximum velocities magnitude, Umax in the common median plane for the various types of
cannula. The maximum velocity magnitude and its location are different between the various types of cannula. So, the
figure shows the maximum values along the lines corresponding to the measurement cross sections shown in Fig.4.
Between the cannula exit and the first arterial branch, Cannula B and C have the large velocities. Downstream of the
first branch, Cannula A and D have the large velocities. Cannula D has the largest velocity of 0.7m/s at S=50mm.
Cannula A has the large velocity of 0.6m/s near the second arterial branch. Cannula E has the small velocity in the
whole region.
Figure 16(b) shows the maximum velocity magnitude, Vmax in the cross sectional plane. Cannula B has a largest
velocity of 0.84m/s at S=25mm, and then decelerated. Cannula A has large values of 0.65m/s at 25mm, and 0.59m/s at
the first arterial branch. The other types of cannula have relatively small velocities compared to the above two cannulas.
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3.6.2 rms value of velocity magnitude fluctuation
Figure 17(a) shows the maximum rms values, Urms,max in the common median plane along the lines corresponding to the
measurement cross sections shown in Fig.4. Between the cannula exit and the first branch, Cannula C shows the largest
rms value of about 0.5m/s. Downstream of the first branch, the rms value of Cannula C decreases rapidly. Cannula D
has the maximum value of 0.41m/s at around S=50mm, where the liquid flow from Cannula D impinges on the inner
wall of curvature. Cannula E shows the small values in the whole region. Figure 17(b) shows the maximum rms values,
Vrms,max in the cross sectional planes. Cannula B shows the largest value of 0.84m/s at S=25mm, and then decreases
rapidly. Cannula A has large values of 0.63m/s near the cannula exit, and 0.58m/s at 35mm.
3.6.3 Magnitude of strain rate tensor
Figures 18(a) and 18(b) show the magnitude of strain rate tensor, Msrt,u on the outer wall and inner wall of curvature,
respectively. On the outer wall of curvature, Cannula A has generally large values. On the other hand, Cannula B and D
have large values on the inner wall of curvature. Specially, Cannula D has the largest value of 0.6 at around the top of
the inner wall. So, it is inferred that the liquid flow injected from Cannula D exerts large shear stress on the inner wall
of curvature. Figure 19 shows the maximum magnitude of strain rate tensor, Msrt,v in the cross sectional plane. Cannula
A and B have the largest value of 0.8 at the first arterial branch and at S=25mm, respectively. Cannula A has large
values at 25mm and each arterial branch. On the other hand, the magnitude of Cannula B decreases downstream of
S=25mm, and then approaches the small value of the other types of cannula. It is clear that the liquid flow injected from
Cannula A exerts large shear stress on the outer wall of curvature.
4. SUMMARY
The liquid flows in the aortic arch glass model inserted the various types of cannula were visualized using the PIV
system, and the distinctive feature of the flow using the each cannula was clarified.
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In the case of Cannula B, the liquid film injected from
the cannula impinges on the sidewall of the aorta, and
the magnitude distribution of strain rate tensor has large
values on the upstream side of outer wall and inner wall
of curvature.
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In the case of Cannula A, the liquid flow issued from the
cannula impinges on the first arterial branch, and then
flows along the outer wall of curvature. Therefore, the
rms distribution of the velocity magnitude fluctuation
and the magnitude distribution of the strain rate tensor
have the large values near the outer wall of curvature.
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Fig.19 Magnitude of strain rate tensor in cross sectional
In the case of Cannula C, the rms distribution has large
plane
values on the inside of the aorta. However, it has
relatively small values near the arterial wall. And the
injection velocity of a liquid jet from the cannula decays rapidly.

In the case of Cannula D, one of the liquid jets from the cannula impinges on the inner wall of curvature. Therefore, the
rms and magnitude distribution of the strain rate tensor have the large values near the inner wall of curvature.
In the cases of Cannula E, the rms and magnitude distribution have relatively small values in the whole area. However,
in this case the liquid flows from the cannula impinges on the arterial wall at almost right angle with relatively large
velocity.
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