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ABSTRACT

As part of the continuing development of the Penn State 12 cc pulsatile pediatric
ventricular assist device (PVAD), this study focused on examining the effect of
hematocrit on the fluid dynamics within the device. Hematocrit is defined as the ratio of
the volume of packed red blood cells to total blood volume. Changes in hematocrit have
a considerable effect on the viscoelastic properties of blood and can alter the fluid
dynamics throughout circulatory support devices like the PVAD. Unlike adults that
generally have a more consistent hematocrit, the pediatric population has been shown to
have a more varied hematocrit range anywhere from 20%-60%. Additionally, the
animals used for PVAD testing tend to have a comparatively low hematocrit in the 20%30% range. For this study, three different non-Newtonian blood analogs were created to
match the viscoelastic properties of 20%, 40% and 60% hematocrit pediatric blood.
These fluids were then used in an in vitro mock circulatory loop designed to mimic the
pediatric circulatory system. In order to examine the effect of hematocrit on the flow
through the PVAD, planar particle image velocimetry (PIV) was used to develop whole
field velocity profiles. These fluid dynamic measurements helped to describe the flow
both quantitatively and qualitatively throughout the cardiac cycle. The changes observed
in the flow field of the different hematocrit blood analogs are important because flow
characteristics like stagnation and turbulent flow have the potential to increase the
chances of clot formation, cause blood damage, and disrupt flow. While the general flow
pattern within the PVAD was similar, the varying blood analogs created distinct
inlet/outlet jets and rotational flow patterns. Specifically, the 20% hematocrit blood

iii

analog created a slightly higher peak velocity inlet jet that penetrated deeper into the
blood sac earlier in the cardiac cycle. The more viscoelastic fluid, the 60% hematocrit
blood analog, created an inlet jet that developed later and was maintained longer into the
cardiac cycle, resulting in a more delayed rotational flow pattern. This delay continued
into systole and resulted in a lower velocity outlet jet in the more viscoelastic fluids. It is
clear that changes in hematocrit alter the fluid dynamics in the PVAD. Understanding
the exact effect of hematocrit on the PVAD flow helps to understand animal testing data
and guide future use of the device in pediatric patients in a hematocrit range of 20%-60%.
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Chapter 1 INTRODUCTION

1.1 Clinical Need
In the United States, an estimated 600,000 adults over the age of 20 die from
cardiovascular disease (CVD) each year [1]. This makes CVD the leading cause of death
among all Americans. Because of this widespread problem, much advancement has been
made to treat CVD in adults. Pacemakers, arterial stents, and heart transplantations have
become commonplace. What has lagged behind, however, is the advancement in
treatments for pediatric patients with CVD.

Congenital cardiovascular defects are the most common cause of infant death due to birth
defects [2]. It is estimated that 32,000 children are born with congenital cardiovascular
heart defects each year [2]. Of those children, around 25% require invasive treatment in
the first year of life [2]. Of those infants under one year of age, nearly 50% die waiting
for a donor heart [3]. There simply are not enough donor hearts to meet the needs of all
the children. This shortage is the reason why children listed for heart transplantation face
the highest waiting list mortality in solid-organ transplantation [4]. Additionally, the
median heart transplant waiting list time for infants is 119 days [5]. These statistics
demonstrate the need for a successful bridge-to-transplant solution for children waiting
for a heart.
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1.2 Current Pediatric Circulatory Support Devices
Presently, extracorporeal membrane oxygenation (ECMO) is the most widespread form
of circulatory support to treat pediatrics on the heart transplant waiting list. ECMO, as
shown in Figure 1-1, consists of a pump, a membrane oxygenator, and a heat exchanger
that work in combination to provide oxygen to a patient that has a severely diseased heart
and/or lungs. ECMO, however, only provides effective support for up to two weeks [6].
After this time period, the incidence of negative cardiovascular effects, like blood
damage and hemolysis, increases [7]. Given that the median waiting list time for
pediatric heart transplantation is only 119 days, ECMO is often not an effective bridgeto-transplant solution. This poor long-term effectiveness means that only about 40%60% of children treated with ECMO survive until transplantation [8].

Figure 1-0-1. Venoarterial ECMO system

Figure 1-1. Diagram of a venoarterial ECMO system [9].
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Another method of circulatory support as a bridge-to-transplant solution for pediatrics is
the use of ventricular assist devices (VADs). VADs provide mechanical support to
damaged or weakened hearts with poor cardiac output. They are used in conjunction
with the native heart to improve blood flow to the body. VADs have been effective as
bridge-to-transplant devices in adults since the FDA approved them for such in 1994
[10]. The use of VADs as a bridge-to-transplant solution is a short-term one, which has
been shown to normalize hemodynamics, improve end-organ dysfunction, and increase
exercise tolerance [10]. VADs have also been successfully used to treat adults that are
ineligible for cardiac transplantation [10].

The success of VADs to treat end-stage heart failure in adults has led to the development
of VADs for use in children. While some adult-sized VADs were initially used to treat
pediatrics, they were simply too large for most children [11]. It was not until December
16, 2011, that the FDA approved a pediatric VAD (PVAD), the Berlin Heart EXCOR, for
clinical use in the United States. The Berlin Heart EXCOR is a pneumatically driven,
extracorporeal device. As shown in Figure 1-2, the Berlin Heart is made in sizes from 10
cc to 60 cc and can be implanted as a left ventricular assist device (LVAD), a right
ventricular assist device (RVAD), or two pumps can be used as a bi-ventricular assist
device (BiVAD).
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A)

B)

C)
Figure 1-0-2. Berlin Heart EXCOR

Figure 1-2. A) The Berlin Heart EXCOR pulsatile device. B) The Berlin Heart EXCOR is made
in sizes from 10 cc to 60 cc [12]. C) The device can be implanted as a left or a right VAD or a biVAD (BiVAD). The BiVAD connection is shown and is where two EXCOR pumps are used,
one connected to each side of the heart [13].

The first clinical trial completed in the United States showed that 70% of patients
survived to cardiac transplantation and 7% were successfully weaned from the device and
ultimately did not need transplantation [14]. Another study was done to compare the
effectiveness of ECMO to the Berlin Heart EXCOR to treat pediatrics waiting for a heart
transplant. The median survival time for patients on ECMO was just 13 days whereas the
median survival time for patients on the Berlin Heart EXCOR was 174 days [15]. Given
that the median time spent on the pediatric heart transplant waiting list is 119 days, these
studies demonstrate the effectiveness of PVADs as a bridge-to-transplant solution.
4

However, complications associated with thrombosis and hemolysis remain significant
challenges in designing pediatric VADs [16].

1.3 The 12 cc Penn State Pediatric Ventricular Assist Device
In response to the high incidence of infection, bleeding, and thromboembolism found in
short-term extracorporeal devices for pediatric patients, the National Heart, Lung and
Blood Institute started the Pediatric Circulatory Support Program in 2006 [17]. As part
of this program, Penn State continued the development of its 12 cc, pneumatically driven
PVAD. The pediatric device is modeled after the successful 70 cc Pierce-Donachy VAD,
shown in Figure 1-3, which was also developed at Penn State. The Pierce-Donachy
VAD had a success rate of over 90% [18].

Figure 1-0-3. Pierce-Donachy 70 cc VAD

Figure 1-3. Model of the Pierce-Donachy 70 cc VAD. This VAD was first FDA-approved in
1980. Two VADs used in unison could serve as a total artificial heart [19].
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Penn State’s PVAD was created by scaling down the linear dimensions of the 70 cc
Pierce-Donachy VAD by the cube root of the ratio of volumes [20]. It was designed for
patients ranging from 2-25 kg [16]. The mechanical heart valves at the inlet and outlet
ports are Bjork-Shiley Monostrut (BSM) tilting disk valves. A previous study conducted
by Cooper et al. showed that BSM valves were better suited than bi-leaflet valves in
order to minimize the potential for thrombosis in the PVAD [21].

The PVAD also has a segmented poly(ether urethane) urea (SPEUU) blood sac and a
diaphragm. Negative and positive pressures drive the pulsatility of the device. Negative
pressures contract the diaphragm and allow the blood sac to fill, and positive pressures
expand the diaphragm and expel the blood through the outlet of the device. This
rhythmic motion of the diaphragm creates the pulsatility of the device that mimics the
mechanics of the native heart. As shown in Figure 1-4, the PVAD is often not fully
implanted inside of the patient’s body like the adult VAD is. Depending on the size of
the patient, the PVAD can be implanted or used as an extracorporeal device.

A)

B)
Figure 1-0-4. Penn State 12 cc PVAD

Figure 1-4. A) The Penn State 12 cc PVAD. The arrows indicate the direction of the flow. B)
An artist’s rendition of how the Penn State PVAD would be implanted in a child as an LVAD
[17].
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1.4 Fluid Mechanics within the Ventricular Assist Device
Thromboembolic events are a major concern with any device that interacts with blood.
The implantation of a foreign material will always evoke a response from the host. When
blood interacts with an artificial surface, the surface adsorbs proteins and starts platelet
activation. Platelets begin to aggregate in a positive feedback loop, which may lead to
thrombus formation [22]. The presence of thrombi not only disrupts the flow field but
also have the potential to detach and cause strokes or ischemia.

In VADs, thrombus attached to the blood sac is of particular concern because of the longterm use and complex flow patterns of the blood along the polyurethane surface [23].
Additionally, it has been shown that clot formation correlates to areas of low wall shear
rate and stagnation [24]. For segmented polyurethane, a material that is very similar to
that used in the Penn State PVAD, Hubbell and McIntire found that the minimum wall
shear rate to prevent clot formation is 500 s-1 [25]. Preliminary animal tests done on a 15
cc Penn State PVAD showed extensive thrombus formation on the blood sac that was not
present in the adult VAD [26]. Because of this finding, it was determined that scaling
down the device changed the fluid dynamics in the VAD. This was confirmed by in vitro
experiments that showed the wall shear rate of the PVAD was much lower than the 500 s1

threshold needed to prevent clot formation [27].

The PVAD has reduced valve effective orifice area and more highly angled valve ports
than the adult VAD [28]. The more highly angled valve ports have been shown to
7

increase wall shear rates, which would potentially reduce the chance of thrombus
formation inside the PVAD [29]. As previously mentioned, BSM tilting disk valves
produce a stronger inlet jet and a better rotational flow pattern [21]. Strong inlet jets and
rotational washing patterns are desirable flow attributes in a VAD because they tend to
produce higher wall shear stresses and diminish the residence time of blood. Both of
these characteristics have been shown to prevent thrombosis [28] [21].

Further studies associated with the operating conditions of the PVAD have been
performed. The PVAD has a higher degree of three-dimensionality than the larger VADs
[30]. Previous studies have been conducted in order to understand this three-dimensional
flow, which is important in diagnosing the potential for thrombus formation in the
smaller device [30]. Stroke volume reduction studies associated with weaning have also
been analyzed in the Penn State PVAD [31]. Flow rate reduction that is associated
during device weaning and myocardial recovery was shown to significantly alter PVAD
flow [31]. End-diastolic delay, defined as the time between the end of diastole and the
start of systole, has also been shown to significantly alter PVAD flow [32]. The results
of these studies highlight the importance of understanding the PVAD flow in order to
improve device functionality in different applications.
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1.5 Viscoelasticity of Blood
Hematocrit (HCT) is defined as the ratio of the volume of packed red blood cells to the
total volume of whole blood. Hematocrit has been shown to vary more so in pediatric
patients than in adults. Pediatric blood hematocrit usually varies anywhere from 20%60% [33]. Additionally, animal hematocrit tends to be lower, which is important because
the PVAD is tested in sheep that usually have a hematocrit of around 27% [34]. The
viscoelastic properties of blood change in accordance with the hematocrit [35].
Generally, lower hematocrit blood has both a lower viscosity and elasticity than higher
hematocrit blood [35]. It has been shown that changes in the viscoelasticity of blood can
have a dramatic effect on the fluid dynamics within medical devices [33]. The fluid
dynamics associated with such devices directly impact the potential for thrombus
formation and blood damage, both of which can lead to device failure or more serious
adverse events like strokes [23]. Because changes in hematocrit affect the fluid dynamics
and can impact the efficacy of mechanical circulatory support devices, it is important to
understand exactly how hematocrit alters the flow in the PVAD.
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1.6 Purpose
This study will focus on the effect of hematocrit on the fluid dynamics in the PVAD.
Three different non-Newtonian blood analogs were created to match the known
viscoelastic properties of 20%, 40%, and 60% hematocrit pediatric blood. Particle image
velocimetry (PIV), a flow visualization technique, was used to quantify the flow of each
of these fluids through the PVAD. Using an in vitro flow loop designed to mimic the
pediatric circulatory support system, whole field velocity maps of the flow through the
PVAD were developed under physiological conditions. This study aims at identifying
the differences in the flow of the three different hematocrit analogs. By understanding
this phenomenon, it will be easier to make sense of animal testing data and improve the
efficacy of the PVAD in patients where hematocrit could have a large range.
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Chapter 2 PARTICLE IMAGE VELOCIMETRY THEORY

2.1 PIV Setup
Several non-invasive flow measurement techniques have previously been used to study
the flow in VADs. Generally, these techniques use either a LaGrangian or Eulerian
method of characterizing the fluid dynamics associated within a device. A common
example of a LaGrangian technique is laser Doppler velocimetry (LDV), which is used to
collect velocity and other fluid dynamic data at a point. An example of an Eulerian
method would be particle image velocimetry (PIV), which allows for the characterization
of an entire flow field at one time. For this particular application, PIV is beneficial
because it offers a global perspective of the flow through the PVAD. Two-dimensional
planar PIV, which was used in this study, involves a dual-pulsed laser, optics, and a high
speed camera. The optics condition the laser light into a sheet that illuminates the flow
field of interest while the camera records the movement, as shown in Figure 2-1.

Figure 2-0-1. Particle Image Velocimetry setup

Figure 2-1. An example PIV setup [36].
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2.2 Tracer Particles
In order to use PIV, the fluid needs to be seeded with tracer particles. The laser light is
conditioned by optics into a thin light sheet that illuminates the particles in the fluid. The
laser sends two pulses separated by a known time (∆𝑇) while the high speed camera
captures two images of the illuminated particles. The location of the particles and the
change in time between the image pair are then used to calculate the velocity of the
particles in both the x and y directions using Equations 1a and 1b:

𝑢=
𝑣=

∆𝑥

(1a)

∆𝑇
∆𝑦

(1b)

∆𝑇

A modified Stokes number is calculated in order to ensure that the particles travel with
the streamlines of a flow field and are an accurate representation of the flow [37]. The
Stokes number is a dimensionless parameter that characterizes the flow of particles
suspended in a fluid. The modified Stokes number is the particle relaxation time (𝜏𝑠 )
divided by the laser pulse delay (∆𝑇). This number needs to be much less than 1 to
guarantee that the particle movement represents the bulk flow [37]. The mathematical
representations of the particle relaxation time (𝜏𝑠 ) and the modified Stokes number are
shown in Equations 2a and 2b:
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𝜏𝑠 =
𝜏𝑠
∆𝑇

2
𝜌𝑝 𝑑𝑝

(2a)

18𝜇𝑓

≪1

(2b)

The particle relaxation time is a function of the particle density (𝜌𝑝 ), particle diameter
(𝑑𝑝 ), and the viscosity of the fluid (𝜇𝑓 ). As long as the modified Stokes number shown
in Equation 2b is much less than 1, the particle path will be an accurate representation of
the bulk fluid path [37].

2.3 Cross-Correlation
In order to develop the velocity maps using PIV, each image is broken into smaller
interrogation regions. Cross-correlation of each interrogation region is achieved by using
pattern recognition to identify the group particle displacement shift between images. This
displacement corresponds to a peak in the cross-correlation pattern, which results in
representative group particle displacement for that interrogation region. Equations 1a
and 1b are then used to calculate the velocity vectors based upon the displacement of the
particles and the change in time between images. An example of a cross-correlation peak
is shown in Figure 2-2.
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Figure 2-0-2. Cross-correlation peak

Figure 2-2. Sample cross-correlation peak [38].

2.4 Potential Error
There are several potential errors associated with PIV as a fluid measurement technique.
There is inherently some thickness associated with the laser light sheet used in twodimensional planar PIV. While the thickness is almost negligible (~500 µm), the laser
light can illuminate particles that are not exactly in the same two-dimensional plane.
Additionally, particles can move into and out of the plane between successive images,
especially in highly three-dimensional flows [37]. Other errors are related to particle
diameter, pixel size, and the size of the interrogation region [24] [37].
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Chapter 3 MATERIALS AND METHODS

3.1 The 12 cc Penn State PVAD
In order to use PIV, an acrylic model of the 12 cc Penn State PVAD was manufactured.
This model allows the laser light to illuminate a plane of particles that can then be
acquired by a high-speed camera placed perpendicular to the light sheet. A polyurethane
diaphragm was placed into the model and connected to an air line controlled by a
pneumatic driver. This driver controlled the motion of the diaphragm by rhythmically
pulsing air into and vacuuming air out of the chamber to expand and contract the
diaphragm. Two 17 mm BSM tilting disc valves are placed in the inlet and outlet ports of
the device and are rotated 15o in order to increase wall shear rates, which aid in the
reduction of thrombus formation [29]. The 12 cc PVAD is shown in Figure 3-1.

A)
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B)
Figure 3-0-1. Acrylic model of the 12 cc Penn State PVAD

Figure 3-1. A) PVAD at various stages of the cardiac cycle. B) Labeled PVAD [29].

3.2 The Mock Circulatory System
To mimic physiologically relevant conditions, a pediatric mock circulatory loop was
assembled. This loop was based upon the loop developed by Rosenberg et al. [39].
Because that loop was assembled for an adult, the loop was adapted for a pediatric
application by reducing the overall volume and increasing the resistance. The loop
consists of the acrylic PVAD, two compliance chambers, a venous reservoir, and a
resistance element. Each component was connected using flexible Tygon 3603 tubing
(Saint-Gobain Performance Plastics, Aurora, OH) ranging from ¼” to ½” in diameter
depending on the connection. A diagram of the mock circulatory loop is shown in
Figure 3-2.
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Figure 3-0-2. Schematic of the pediatric mock circulatory loop

Figure 3-2. Schematic of the pediatric mock circulatory loop [28].

The mock circulatory system can be thought of as an electrical circuit with resistance and
capacitance. The resistive element consists of two rectangular plates that clamp down a
section of tubing downstream of the VAD. This component can be adjusted in order to
raise or lower the magnitude of the aortic pressure.

There are two capacitance components, one on the atrial side and one on the aortic side.
These components are meant to account for the natural compliance of the atrium and
aorta and are labeled as compliance chambers, which are piston-spring devices with a

17

dynamic volume that changes linearly with pressure. The atrial chamber precedes the
inflow to the VAD while the aortic chamber is on the outlet side of the VAD. These
components can be adjusted so as to change the atrial and aortic pressure waveforms.

In order to drive the VAD, a pneumatic driver is used. The driver controls the beat rate,
systolic duration, and systolic/diastolic pressures for the PVAD. Air is vacuumed out of
the VAD to contract the diaphragm and allow atrial filling. Then air is pushed into the
VAD in order to expand the diaphragm and eject the fluid into the aorta. This expansion
and contraction of the VAD occurs rhythmically based upon the desired beat rate and
systolic duration. For all PIV experiments in this study, the beat rate was set to 75
beats/min and the systolic duration was 340 ms. A picture of the pneumatic driver is
shown in Figure 3-3.

A)

B)
Figure 3-0-3. Pneumatic driver

Figure 3-3. A) Front and B) top views of the pneumatic driver that controls the PVAD. The
driver is connected to an air line and controls the beat rate and systolic duration of the pump.
18

3.3 Fluid Preparation
The three different non-Newtonian blood analogs were created using a mixture of water,
sodium iodide, glycerin, and Xanthan gum. Each fluid was designed to match the
viscoelastic properties of 20%, 40%, and 60% hematocrit pediatric blood. Table 3-1
shows the percentage by weight of each ingredient for the three different blood analogs.
Because the fluids are non-Newtonian, the viscoelasticity is a function of the shear rate.
The Vilastic-3 Viscometer (Austin, TX) was used to calculate the viscoelasticity of the
analogs and blood sample. Figure 3-4 shows the viscoelastic curves of each blood
analog compared to a sample of 40% hematocrit pediatric blood. Both the viscosity and
elasticity values increase for increasing hematocrit.

Table 3-1. Blood analog composition by weight.

Ingredient
Sodium Iodide
Water
Glycerin
Xanthan Gum

20% HCT
50%
34.991%
15%
0.009%
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40% HCT
50%
33.97%
16%
0.03%

60% HCT
50%
27.95%
22%
0.05%

0.14

Viscosity (Stokes)

0.12
0.10
0.08

Blood Viscosity

0.06

20% Viscosity
40% Viscosity

0.04

60% Viscosity

0.02
0.00
0
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B)
Figure 3-0-4. Viscoelasticity of the blood analogs

Figure 3-4. All three blood analogs are non-Newtonian so the viscoelasticity is shown as a
function of shear rate. All values are shown in Stokes. A) Viscosity and B) elasticity comparison
of the three blood analogs with the 40% HCT pediatric blood sample.

In order to use PIV, the refractive index of the fluid was adjusted to 1.49 to match the
refractive index of the acrylic model. Additionally, the fluids were seeded with tracer
particles, which is a necessary component of PIV. After creating the fluids, the tracer
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particles were added to the reservoir in the loop in order to attain the proper seeding
density for use in PIV. Ten µm glass beads were used as the tracer particles. The beads
had a density of 205 g/cm3, which corresponds to a modified Stokes number of 3.47 x
10-7, which is much less than 1 as desired by Equation 2b.

3.4 Operating Conditions
In order to determine the effect of hematocrit on the fluid dynamics in the PVAD, the
operating conditions of the loop were consistently maintained throughout all of the
experiments. The PVAD was operated at 75 beats/min with a systolic duration of 340
ms. The flow rate for all three fluids was 1.4 L/min while the outlet pressure was 90/60
mmHg. One of the key operating conditions for the PVAD is the end diastolic delay,
which is defined as the time between the end of diastole and the start of systole. On the
waveforms, the end of diastole was considered when the inflow waveform goes to zero,
and the start of systole is the positive spike in the drive pressure. Based upon previous
studies, an end diastolic delay of 10 ms ensures complete filling of the PVAD while
minimizing the potential for thrombus formation throughout the cardiac cycle [32]. For
these experiments, the end diastolic delay was kept between 0 and 10 ms. A summary of
the operating conditions is shown in Table 3-2.
Table 3-2. Operating conditions for the pediatric mock circulatory loop.

Parameter
Beat Rate
Systolic Duration
Flow Rate
Aortic Pressure
End Diastolic Delay

Value
75 beats/min
340 ms
1.4 L/min
90/60 mmHg
<10 ms
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For each experiment, waveforms were captured to monitor the pressures and velocities at
various points in the flow loop. A WaveBook data acquisition device (IOtech, Inc.,
Cleveland, OH) was used to monitor the pertinent values and display them in real time on
a computer. An ultrasonic flow probe system (Transonic Systems, Inc., Cleveland, OH)
was used to capture the inflow and outflow waveforms. Pressure transducers (Maxxim
Medical, Athens, OH) were also used to monitor the inlet and outlet pressures at both
compliance chambers and the drive pressure. A Waverunner oscilloscope (Teledyne
Lecroy, Chestnut Ridge, NY) was used in conjunction with the data acquisition device to
trigger the system at known points in the cardiac cycle. This triggering mechanism,
shown in Figure 3-5, allowed for data to be collected at the same point in the cardiac
cycle so as to capture data throughout an entire beat. For each fluid, the waveforms were
almost identical. The only minor difference is the development of the inflow waveforms.
The 20% HCT blood analog spikes at a higher velocity earlier in the cardiac cycle than
both the 40% and 60% HCT blood analogs. The outflow waveforms and driveline
pressure waveforms are extremely similar for all three fluids. Figure 3-6 shows a sample
waveform for each fluid.
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Figure 3-0-5. Oscilloscope used for the triggering mechanism

Figure 3-5. Oscilloscope used for triggering off of the outlet pressure waveform.

Figure 3-0-6. Sample PVAD waveform

Figure 3-6. Sample waveforms for the 20%, 40%, and 60% HCT blood analogs.
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3.5 Particle Image Velocimetry
Two-dimensional planar particle image velocimetry was used to measure the flow in this
study. Whole field velocity flow maps were developed using PIV and were used to
characterize the flow through the PVAD for all three blood analogs. The PIV parameters
were consistent for all experiments.

3.5.1 PIV System & Setup
A Gemini PIV 15 system (New Wave Research, Inc., Fremont, CA) was used for the
experiments and consisted of dual Nd:YAG lasers that produced a 6 mm diameter beam
as the light source. The beam was transformed into a 500 µm thick light sheet using a 25 mm cylindrical lens coupled with a 25 mm diameter high-energy mirror and a 500 mm
spherical lens. The light sheet illuminated the plane of interest, and images of the flow
field were captured with a two-megapixel charge-coupled device (CCD) camera (TSI,
Inc., Shoreview, MN) with a Micro-Nikkor 60 mm F1.8 lens (Nikon Corporation, Tokyo,
Japan). A LaserPulse Synchronizer (TSI, Inc., Shoreview, MN) controlled the laser
pulsing through Insight 3GTM software (TSI, Inc., Shoreview, MN) that synchronized the
laser pulse emissions with the camera exposure in order to capture image pairs separated
by a known change in time. A picture of the PIV setup is shown in Figure 3-7.
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Figure 3-0-7. PIV data collection and loop setup

Figure 3-7. Laser and camera positioning for the PIV experiments.

3.5.2 Data Acquisition
PIV data was collected at four different planes for each of the three different blood
analogs. The planes are all located parallel to the diaphragm and are measured by the
distance they are located from the edge of inlet/outlet port boundary. In order to obtain
sufficient vector counts needed for reliable data, 200 image pairs were collected every 50
ms of the cardiac cycle for all fluids and all planes. Figure 3-8 shows the location of the
parallel planes.
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0mm

6.5mm
7mm
8.2mm
11mm

Figure 3-0-8. PIV planes used for data collection
Figure 3-8. Location of the parallel planes where data was collected.

Insight 3GTM software (TSI, Inc., Shoreview, MN) was used to obtain the velocity
vectors during the PIV experiments. Table 3-3 and Figure 3-9 show imaging parameters
used for the experiments.
Table 3-3. Imaging parameters for the PIV experiments.

Parameter
PIV Frame Mode
Pulse Repetition Rate
Laser Pulse Delay
Delta T (∆𝑇)
PIV Exposure

Value
Straddle
14.50 Hz
400 µs
100-300 µs
405 µs

26

A)

B)

Figure 3-0-9. Insight 3G timing and sequence setup for data collection
Figure 3-9. Image of the A) timing setup and B) sequence setup in Insight 3GTM.

The laser control panels shown in Figure 3-10 were used to control the intensity of the
lasers. The laser intensity was of particular importance for obtaining sufficient vector
counts. Because dual lasers were used, the intensity of each image in an image pair
needed to be matched as closely as possible in order to properly track the movement of
the particles. Differences in laser intensity between two images in a pair would result in
poor particle tracking [37].

Figure 3-0-10. Control panels and synchronizer for the dual laser setup
Figure 3-10. Control panels for the two lasers, and the laser synchronizer.
27

3.5.3 Processing
After collecting the raw data, the images were post-processed through an in-house
Matlab® 7.1 (The MathWorks, Inc., Natick, MA) program that identified the fluid
boundary and masked out the background portion of the image. An example of an image
being masked in Matlab is shown in Figure 3-11.

Figure 3-0-11. Raw data masking
Figure 3-11. Sample image being masked.

After masking, the images were processed using Insight 3GTM software (TSI, Inc.,
Shoreview, MN), which separated each image pair into 32 x 32 pixel interrogation
regions. The displacement of the tracer particles was analyzed using a cross-correlation
method to detect particle movement between image pairs. The time difference between
the images in a pair, called the laser pulse delay, was adjusted from 100 µs to 300 µs to
optimize particle displacements. Displacement vectors for the particles were developed
using a recursive Nyquist grid, a fast Fourier transform, and a Gaussian peak algorithm.
The vectors were then divided by the laser pulse delay to obtain fluid velocities. Two28

dimensional velocity flow maps were then produced by averaging the two hundred image
pairs. Table 3-4 and Figure 3-12 show the processing parameters used in order to
develop the velocity vectors.

Table 3-4. Processing parameters for PIV experiments.

Parameter
Grid Engine
Correlation Engine
Peak Engine
Starting Spot Dimensions
Final Spot Dimensions
Width of Image
Height of Image
Calibration

Value
Recursive Nyquist
Hart Correlator
Bilinear Peak
32
16
1600 pixels
1192 pixels
45.12 µm/pixel
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A)

B)

C)
Figure 3-0-12. Insight 3G processing tab and spatial calibration menu
Figure 3-12. A) Processing tab, B) spatial calibration, and C) PIV processor setup in Insight
3GTM.
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Chapter 4 RESULTS

Using PIV, whole field velocity maps were developed for each of the three different
blood analogs at all four parallel planes. The velocity maps show representative flow
fields at 50 ms intervals throughout the cardiac cycle. The PVAD was operated at 75
beats/min, which resulted in an 800 ms cardiac cycle. The beginning of diastole was
considered the beginning of the cycle and lasted the first 460 ms, while systole lasted for
the remaining 340 ms. PIV data was taken throughout the cardiac cycle except early in
diastole and late in systole when the movement of the diaphragm interfered with the laser
sheet. This interference was most pronounced in the 11 mm plane because of its
proximity to the diaphragm. However, data were collected at all points during the cardiac
cycle where the diaphragm did not interfere with the plane of interest.

4.1 20% Hematocrit
The 20% HCT blood analog was the least viscoelastic of the three fluids. A strong inlet
jet was observed early in diastole that developed into a solid body rotation before
washing the walls toward the outlet port during systole.

4.1.1 Diastole
At the beginning of diastole, a strong inlet jet developed along the outer wall of the inlet
port. A secondary inlet jet from the minor orifice of the BSM valve was created along
the inner portion of the inlet port with a peak velocity of 0.75 m/s at 100 ms. This flow
pattern was consistent with the three dimensional flow associated with the device. The
secondary jet diminished as diastole continued and the primary inlet jet along the outer
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wall strengthened. The primary jet peaked at 0.8 m/s and penetrated into the bottom of
the device, which initiated a rotational flow pattern at 200 ms in the 7 mm plane, shown
in Figure 4-1.

A)

B)

C)

D)

E)

F)
Figure 4-0-1. 20% hct: 7mm plane in diastole

Figure 4-1. 7 mm plane at A) 100 ms, B) 150 ms, C) 200 ms, D) 250 ms, E) 300 ms, and F) 350
ms. The red circle in image A highlights evidence of three-dimensionality. The two circles in
images C and D highlight the development of the rotational flow at the apex of the PVAD.
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In contrast to the 7 mm plane, the rotational flow pattern was evident earlier in diastole in
the 8.2 mm plane, shown in Figure 4-2. There was some evidence of a secondary inlet
jet but the velocity peaked at 0.5 m/s, which was less than the peak velocity of the
primary inlet jet along the outside wall of 0.8 m/s. The primary inlet jet maintained flow
throughout diastole, setting up the solid body rotation that persisted through the entirety
of diastole. The inlet jet velocity increased from 0.6 m/s at 150 ms to 0.8 m/s at 300 ms
while maintaining coherence through 350 ms.
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A)

B)

C)

D)

E)
Figure 4-0-2. 20% hct: 8.2mm plane in diastole

Figure 4-2. 8.2 mm plane at A) 150 ms, B) 200 ms, C) 250 ms, D) 300 ms, and E) 350 ms. The
red circles highlight the formation of the solid body rotation. The 20% HCT blood analog begins
to penetrate higher up on the outlet side later in diastole, as shown in image E.
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A similar pattern was evident in the 11 mm plane. The solid body rotation began even
earlier in this plane and was evident at 200 ms. The inlet jet continued to increase in
velocity through diastole while peaking at 0.6 m/s at 350 ms, as shown in Figure 4-3.

A)

B)

C)

D)
Figure 4-0-3. 20% hct: 11mm plane in diastole

Figure 4-3. 11 mm plane at A) 200 ms, B) 250 ms, C) 300 ms, and D) 350 ms. The red circle in
image A highlights the rotational flow pattern that is beginning to develop. The inlet jet at 350
ms is highlighted in image D.
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After 350 ms, the primary inlet jet began to dissipate while the solid body rotation
continued to develop. This fluid dynamic pattern served to wash the walls along the
outer edge of the device. The rotational flow was maintained throughout the remainder
of diastole as the flow prepared to be ejected from the device. This phenomenon is
depicted in Figure 4-4.

A)

B)
Figure 4-0-4. 20% hct: 11mm plane in late diastole

Figure 4-4. 11 mm plane at A) 400 ms and B) 450 ms. The red circles highlight the dissipation
of the inlet jet as the 20% HCT blood analog prepares to leave the outlet side.

4.1.2 Systole
The first sign of systole in the PIV data occurred at 500 ms when the outlet jet began to
form. The development of the outlet jet was consistent with the operating conditions of
the PVAD where systole began at 460 ms into the cardiac cycle. At this point, the inlet
valve closed and the outlet valve opened, beginning systole. The outlet jet encompassed
the entire outlet port at the 500 ms and 550 ms time points as it began to increase in
velocity. At 600 ms and 650 ms, however, the outlet jet split into two jets on the inside
and outside of the port walls. In addition, higher velocity flow moving toward the outlet
was seen lower in the device before being split as it moved closer to the outlet valve. The
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peak velocity of the outlet jet increased from 0.55 m/s at 500 ms to 1.1 m/s at 650 ms.
These phenomena are shown in the 6.5 mm plane in Figure 4-5.

A)

B)

C)

D)
Figure 4-0-5. 20% hct: 6.5mm plane in systole

Figure 4-5. 6.5 mm plane at A) 500 ms, B) 550 ms, C) 600 ms, and D) 650 ms. The red circles
highlight the development of a coherent outlet jet in image B and the flow blockage evident
upstream of the outlet valve occluder in images C and D.

A similar flow pattern was developed in the 7 mm and 8.2 mm planes. The outlet jet
began to form at 500 ms and continued throughout the remainder of the cardiac cycle.
The outlet flow splitting was also evident at 600 ms and 650 ms in both planes. In the 8.2
mm plane, there was evidence of the solid body rotation pattern dissipating at 500 ms and
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starting to give way to the outlet flow that followed. The 7 mm and 8.2 mm outlet data is
shown in Figure 4-6 and Figure 4-7, respectively.

A)

B)

C)

D)
Figure 4-0-6. 20% hct: 7mm plane in systole

Figure 4-6. 7 mm plane at A) 500 ms, B) 550 ms, C) 600 ms, and D) 650 ms. The red circle
highlights the outlet flow blockage that develops at 600 ms.
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A)

B)

C)
Figure 4-0-7. 20% hct: 8.2mm plane in systole

Figure 4-7. 8.2 mm plane at A) 500 ms, B) 550 ms, and C) 600 ms. The red circle in image A
highlights the dissipation of the rotational flow pattern as the outlet flow begins to develop. The
flow blockage is again highlighted in image C.
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4.2 40% Hematocrit
The 40% HCT blood analog had a slightly higher viscosity and elasticity than the 20%
HCT blood analog. The flow patterns were similar to the 20% HCT blood analog as an
inlet jet formed early in diastole giving way to a rotational flow pattern later in diastole,
which transitioned into the outlet flow during systole.

4.2.1 Diastole
A primary inlet jet formed along the outside wall of the device as a result from the BSM
major orifice that persisted and slightly increased in velocity from 0.5 m/s at 100 ms to
0.7 m/s at 300 ms. There was evidence of a secondary inlet jet that formed on the inner
portion of the inlet port at 100 ms but diminished in velocity from 0.5 m/s at 100 ms to
0.3 m/s after that point. As solid body rotation began to develop around 200 ms but was
never fully maintained in the 7 mm plane, as shown in Figure 4-8.

40

A)

B)

C)

D)

E)

F)
Figure 4-0-8. 40% hct: 7mm plane in diastole

Figure 4-8. 7 mm plane at A) 100 ms, B) 150 ms, C) 200 ms, D) 250 ms, E) 300 ms, and F) 350
ms. Three-dimensional flow is highlight in image A. The red circles in images B through F
show the inability of the inlet jet to coherently penetrate into the apex of the device.
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The flow was similar in the 8.2 mm parallel plane as the inlet jet set up the rotational
flow pattern around 200 ms. The rotational flow was greater in velocity and more
consistently formed in the 8.2 mm plane, shown in Figure 4-9.

A)

B)

C)

D)

E)
Figure 4-0-9. 40% hct: 8.2mm plane in diastole

Figure 4-9. 8.2 mm plane at A) 150 ms, B) 200 ms, C) 250 ms, D) 300 ms, and E) 350 ms. The
red circles highlight the formation of the rotational flow pattern that was not seen in the 7 mm
plane. The 40% HCT blood analog penetrates higher up the outlet side wall later in diastole.
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Towards the end of diastole, the inlet jet started to dissipate at 400 ms while the solid
body rotation persisted. There was evidence of some regurgitation on the inlet side at
450 ms. The rotational flow started the transition to the outlet flow at the end of diastole
and into systole. Figure 4-10 shows the 8.2 mm plane data in late diastole.

A)

B)
Figure 0-10. 40% hct: 8.2mm plane in late diastole

Figure 4-10. 8.2 mm plane at A) 400 ms and B) 450 ms. The red circles highlight regurgitant
flow on the inlet side and the rotational flow beginning to transition into the outlet jet.

4.2.2 Systole
Systole began with the formation of an outlet jet evident at 500 ms. The outlet flow peak
velocity increased from 0.45 m/s at 500 ms to 0.7 m/s at 650 ms. The outlet flow
encompassed the entirety of the outlet port at 500 ms and 550 ms but an outlet flow
blockage developed at 600 ms that forced most of the outlet flow to the edges of the port
walls upstream of the outlet valve. This flow blockage was maintained at 650 ms and is
shown in the 6.5 mm plane data in Figure 4-11.
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A)

B)

C)

D)
Figure 0-11. 40% hct: 6.5mm plane in systole

Figure 4-11. 6.5 mm parallel plane data at A) 500 ms, B) 550 ms, C) 600 ms, and D) 650 ms.
The red circles highlight the outlet flow blockage upstream of the outlet valve occluder.

A similar flow pattern with comparable velocities was seen in the 8.2 mm plane. The
solid body rotation dissolved at 500 ms and gave way to the outlet jet. Similarly to the
6.5 mm plane, the outlet jet split at 600 ms, as shown in Figure 4-12.
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A)

B)

C)
Figure 4-0-12. 40% hct: 8.2mm plane in systole

Figure 4-12. 8.2 mm plane at A) 500 ms, B) 550 ms, and C) 600 ms. The red circles highlight
the dissipation of the rotational flow in image A and the outlet flow blockage in image C.
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4.3 60% Hematocrit
The 60% HCT blood analog was the most viscoelastic fluid of the three analogs. An inlet
jet developed early in diastole that set up a similar rotational flow pattern, leading to the
outlet flow during systole.

4.3.1 Diastole
A strong inlet jet developed along the outside wall of the inlet port and increased in
velocity from 0.5 m/s at 100 ms to 0.75 m/s at 350 ms. This jet set up the rotational flow
pattern that began around 200 ms and was loosely maintained throughout the remainder
of diastole in the 7 mm parallel plane. This phenomenon is shown in Figure 4-13.
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A)

B)

C)

D)

E)
Figure 4-0-13. 60% hct: 7mm plane in diastole

Figure 4-13. 7 mm plane at A) 150 ms, B) 200 ms, C) 250 ms, D) 300 ms, and E) 350 ms. The
red circles highlight the rotational flow development at the apex of the device and the sustained
inlet jet that forms form the major orifice of the inlet valve.

47

A similar pattern was evident in the 8.2 mm parallel plane. The inlet jet developed the
rotational flow pattern that was more consistent and higher in average velocity than that
of the 7 mm plane. The solid body rotation began to develop at 200 ms and was
maintained throughout the remainder of diastole, as shown in Figure 4-14.

A)

B)

C)

D)

E)
Figure 4-0-14. 60% hct: 8.2mm plane in diastole

Figure 4-14. 8.2 mm plane at A) 150 ms, B) 200 ms, C) 250 ms, D) 300 ms, and E) 350 ms. The
red circles highlight the progression of the rotational flow throughout diastole.
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The inlet jet began to dissipate at 400 ms while the rotational flow pattern was
maintained until the end of diastole at 450 ms. There was some evidence of regurgitation
at 450 ms, as shown in Figure 4-15.

A)

B)
Figure 4-0-15. 60% hct: 11mm plane in diastole

Figure 4-15. 11 mm plane at A) 400 ms and B) 450 ms. The red circle highlights the
regurgitation on the inlet side late in diastole.

4.3.2 Systole
Systole began at 500 ms with the development of an outlet jet that encompassed the
entire outlet port. Evidence of the rotational flow pattern dissipating was seen at 500 ms
in the 8.2 mm plane. The outlet jet increased in velocity from 0.45 m/s at 500 ms to 0.7
m/s at 650 ms. Outlet flow blockage formed upstream of the outlet valve occluder at 650
ms in both the 7 mm and 8.2 mm planes. This phenomenon is shown in Figure 4-16 and
Figure 4-17.
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A)

B)

C)

D)
Figure 4-0-16. 60% hct: 6.5mm plane in systole

Figure 4-16. 6.5 mm plane at A) 500 ms, B) 550 ms, C) 600 ms, and D) 650 ms. The red circle
highlights the outlet flow blockage that develops at 650 ms.
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A)

B)

C)

D)
Figure 4-0-17. 60% hct: 7mm plane in systole

Figure 4-17. 7 mm plane at A) 500 ms, B) 550 ms, C) 600 ms, and D) 650 ms. The red circle
highlights the dissipation of the rotational flow in image A and the outlet flow blockage in image
D.
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Chapter 5 DISCUSSION

Despite the differences in the viscoelasticity of the three blood analogs, a similar flow
pattern was developed for all three throughout the cardiac cycle. In general, inlet jets
developed early in diastole and increased in velocity as diastole continued. This jet
formation evolved into a solid body rotation throughout the body of the device that lasted
the remainder of diastole. As diastole transitioned to systole, the rotational flow morphed
into an outlet jet flow that ejected the fluid from the device. There was a flow blockage
that developed late in systole and was evident in the data for all three fluids, resulting in
the splitting of the outlet jet into two distinct jets along the outer edges of the outlet port.
This general flow pattern was present in all of the data and was consistent with the fluid
dynamics of the PVAD presented in previous studies [21] [28] [32].

While there are certainly similarities between the flow patterns of the three different
blood analogs, there were also key fluid dynamic differences. In general, the more
viscoelastic fluids tended to resist movement more than the less viscoelastic fluids. This
resistance resulted in a general delay of the development of flow. The specific
characteristics that resulted from this phenomenon are highlighted in the following
sections.

5.1 Diastole
One of the key differences between the fluid dynamics of the three different blood
analogs was the timing of the inlet jet formation. The 20% HCT blood analog tended to
create an inlet jet that developed earlier in the cardiac cycle while the 40% and 60% HCT
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blood analogs displayed a delayed jet formation. This delayed inlet jet formation was
consistent with the slight differences in the waveforms of the three fluids shown in
Figure 3-7. The 20% HCT blood analog resulted in an inflow waveform of higher
velocity earlier in the cycle compared to the more viscoelastic blood analogs. This
timing difference is highlighted in Figure 5-1 and Figure 5-2, which shows the 150 ms
time point of the 7 mm plane for all three fluids. At 150 ms into the cardiac cycle, the
20% HCT blood analog has already penetrated into the bottom of the device and begun to
set up the solid body rotation that follows later in diastole. In contrast, the 60% HCT
blood analog has yet to reach the bottom of the device while the 40% HCT blood analog
is in between the others. Additionally, at 150 ms in the 7 mm plane, the 20% HCT blood
analog had a peak inlet jet velocity of 0.7 m/s compared to 0.6 m/s and 0.5 m/s in the
40% and 60% HCT blood analogs, respectively. This velocity difference was consistent
with the idea that the 20% HCT blood analog developed a higher velocity inlet jet earlier
in the cardiac cycle.
A – 20% HCT

B – 40% HCT

C – 60% HCT

Figure 5-0-1. Fluid Comparison: 7mm plane in diastole

Figure 5-1. 7 mm plane at 150 ms with the A) 20%, B) 40%, and C) 60% HCT blood analogs.
The red circles highlight the differences in the inlet jet formation between the fluids. The 20%
HCT blood analog has a higher velocity inlet jet that has penetrated further into the device than
the more viscoelastic blood analogs. Additionally, evidence of three-dimensional flow is
observed as flow is wrapping around from another plane.
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Figure 0-2. HCT Comparison: Inlet jet velocity 7 mm plane

Figure 5-2. Inlet velocity data for the 7 mm plane at 150 ms. This graph further highlights the
trend that the 20% HCT blood analog develops a higher velocity inlet jet earlier in diastole than
the more viscoelastic blood analogs. The primary inlet jet that forms from the major orifice of the
BSM valve is located from about 0 to 5 mm on the x-axis while the secondary inlet jet is located
in the 9 to 12 mm range.

This phenomenon is further illustrated in the 8.2 mm plane shown in Figure 5-3. The
40% and 60% HCT blood analogs lag behind the 20% HCT blood analog in all three of
the time points shown. At 150 ms, 200 ms, and 250 ms, the development of the solid
body rotation in the 20% HCT blood analog precedes the same development in the more
viscoelastic blood analogs. However, the peak velocity of the inlet jets in this plane is
0.7 m/s for all fluids.
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A – 20% HCT

B – 40% HCT

C – 60% HCT

Figure 5-0-3. Fluid Comparison: 8.2mm plane in diastole

Figure 5-3. 8.2 mm plane at 150 ms, 200 ms, and 250 ms with the A) 20%, B) 40%, and C) 60%
HCT blood analogs. The red circles highlight the delay in the progression of the inlet jet and
subsequent rotational flow pattern in the 40% and 60% HCT blood analogs.

Similarly, in the 11 mm plane, the solid body rotation developed later in the cardiac cycle
in the 60% HCT blood analog. At 200 ms, the 20% HCT blood analog was almost
entirely set up in solid body rotation while the 60% inlet jet was just beginning to
penetrate to the bottom of the device and turn against the bottom wall. This delayed
development is further confirmed by the presence of a higher velocity inlet jet later in
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diastole in the 60% HCT blood analog. At 300 ms, the 60% HCT blood analog had a
peak inlet jet velocity of 0.7 m/s while the peak velocity of the less viscoelastic blood
analogs was 0.6 m/s. Figure 5-4 highlights this difference.

A – 20% HCT

B – 40% HCT

C – 60% HCT

Figure 5-0-4. Fluid Comparison: 11mm plane in diastole

Figure 5-4. 11 mm plane at 200 ms, 250 ms, and 300 ms with the A) 20%, B) 40%, and C) 60%
HCT blood analogs. The red circles highlight the delay in the rotational flow pattern seen in the
more viscoelastic blood analogs.
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The 6.5 mm plane shows similar peak velocities for the inlet jets of all three fluids.
However, the 20% HCT blood analog penetrates deeper into the device than the 40% and
60% HCT blood analogs. This penetration sets up a rotational flow with higher velocity
in the apex of the device earlier on in the cardiac cycle. This phenomenon is highlighted
in Figure 5-5.

A – 20% HCT

B – 40% HCT

C – 60% HCT

Figure 5-0-5. Fluid Comparison: 7mm plane in mid-diastole

Figure 5-5. 6.5 mm parallel plane at 250 ms and 300 ms with the A) 20%, B) 40%, and C) 60%
HCT blood analogs. The red circles highlight the fact that the inlet jet of the 20% HCT blood
analog penetrates deeper into the device earlier in diastole than the 40% and 60% HCT blood
analogs.
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5.2 Systole
The PVAD was operated at 75 beats/min, which resulted in an 800 ms cardiac cycle. By
convention, the start of diastole began a new cycle and was referred to as 0 ms. Because
the systolic duration was set at 340 ms, systole began at 460 ms. As diastole turned into
systole at 460 ms into the cardiac cycle, the solid body rotation shifted to an outlet jet
flow. As expected, this outlet jet began to appear in the data at 500 ms and continued
throughout the remainder of systole. One of the main differences that was evident
throughout systole was that the 20% HCT blood analog resulted in the highest velocity
outlet jet. In the 6.5 mm plane, the peak velocity of the outlet jet was 1.1 m/s in the 20%
HCT blood analog compared to 0.7 m/s in both the 40% and 60% HCT blood analogs.
Additionally, a flow blockage develops upstream of the outlet valve occluder late in
systole. This flow pattern is unique to the PVAD and is consistent with previous studies
on the device [21] [28] [30]. Figure 5-6, Figure 5-7, and Figure 5-8 highlight these
phenomena.
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A – 20% HCT

B – 40% HCT

C – 60% HCT

Figure 5-0-6. Fluid Comparison: 6.5mm plane in systole

Figure 5-6. 6.5 mm plane at 500 ms, 550 ms, 600 ms, and 650 ms with the A) 20%, B) 40%, and
C) 60% HCT blood analogs. The red circles highlight the delay in the development of the outlet
jet seen across the three fluids. At 600 ms, the outlet flow blockage is seen in both the 20% and
40% HCT blood analogs while the blockage does not appear in the 60% HCT blood analog until
650 ms.
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Figure 0-7. HCT Comparison: Outlet jet velocity for 7 mm plane at 500 ms and 550 ms

Figure 5-7. Outlet jet velocity data for the 6.5 mm plane at 500 ms and 550 ms. This figure
highlights the difference in the velocity of the outlet jet across the three fluids. The 20% HCT
blood analog has developed a higher velocity outlet jet earlier in systole than the 40% and 60%
HCT blood analogs.
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Figure 0-8. HCT Comparison: Outlet jet velocity for the 7 mm plane at 600 ms and 650 ms

Figure 5-8. Outlet jet velocity data for the 6.5 mm plane at 600 ms and 650 ms. This figure
further highlights the delay in the outlet jet formation of the 40% and 60% HCT blood analogs.
The outlet flow blockage is clearly evident at 600 ms in the 20% HCT blood analog but has not
yet developed in the more viscoelastic fluids.

This same fluid dynamic trend was shown in both the 7 mm and 8.2 mm planes. The
flow blockage was evident as was the higher outlet jet velocity in the 20% HCT blood
analog. However, a relative delay in the development of the splitting pattern was
observed in the more viscoelastic blood analogs. While the blockage is evident across all
fluids at 650 ms in Figure 5-9 and Figure 5-10 that depict the 7 mm plane, it is not as
pronounced in the 40% and 60% HCT blood analogs at 600 ms. This delay confirmed
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that the delay of the inlet jet formation seen in the more viscoelastic blood analogs during
diastole was carried over into systole.

A – 20% HCT

B – 40% HCT

C – 60% HCT

Figure 5-9. 7 mm parallel plane at 550 ms and 600 ms with the A) 20%, B) 40%, and C) 60%
HCT blood analogs. The red circles highlight the delay in the development of the outlet jet in the
more viscoelastic blood analogs.
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Figure 0-10. HCT Comparison: Outlet jet velocity of the 7 mm plane at 550 and 600 ms

Figure 5-10. Outlet jet velocity data for the 7 mm plane at 550 ms and 600 ms. The delay in the
development of the 40% and 60% HCT blood analogs is evident as the outlet flow blockage has
not yet developed at 600 ms but has developed in the 20% HCT blood analog.

Figure 5-11 depicts a comparison of the fluids at the end of systole in the 8.2 mm plane.
The flow blockage is evident at 600 ms for all three fluids but is much more pronounced
in the 20% HCT blood analog. Additionally, the peak outlet flow velocity was 1.1 m/s in
the 20% HCT blood analog compared to 0.7 m/s in the 40% HCT blood analog and 0.6
m/s in the 60% HCT blood analog.
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A – 20% HCT

B – 40% HCT

C – 60% HCT

Figure 5-0-11. Fluid Comparison: 8.2mm plane in systole

Figure 5-11. 8.2 mm parallel plane at 550 ms and 600 ms with the A) 20%, B) 40%, and C) 60%
HCT blood analogs. The red circles highlight the outlet jet that forms earlier and at a higher
velocity in the 20% HCT blood analog.

The delayed development of the inlet jet formation seen in diastole was similarly evident
into systole. All three fluids produced similar flow patterns consistent with previous fluid
dynamic studies of the PVAD [21] [28] [29]. The main difference between the three
fluids was the development of the flow patterns. The more viscoelastic blood analogs
were delayed in setting up the PVAD flow throughout the entirety of the cardiac cycle.
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5.3 Limitations
While this data identifies many of the fundamental differences in the fluid dynamics of
the three different blood analogs, there is one limitation that hinders the study of the
complete cardiac cycle. As discussed earlier, diaphragm interference did not allow for
the collection of data at the very beginning of diastole and end of systole. This lack of
data hinders the study of the initial development of the inlet jet formation, which is very
influential in setting up the flow field moving deeper into the cardiac cycle [21] [28] [29]
[30]. Additionally, the lack of data at the end of systole makes it difficult to see if the
flow blockage that was seen near the outlet resolves at all before the end of systole.
Areas of flow blockage near the valve can cause increased pressure drops across the
valves and induce blood damage, so it is important to have a complete understanding of
this flow phenomenon [30].
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Chapter 6 CONCLUSIONS

6.1 Conclusions
This study was performed in order to analyze the effect of hematocrit on the fluid
dynamics within the 12 cc Penn State PVAD. Because pediatric patients can have a large
hematocrit range anywhere from 20%-60%, it is important to understand how these
variations impact the PVAD flow. Two-dimensional planar PIV was used to characterize
this flow for three blood analogs that matched the viscoelastic properties of 20%, 40%,
and 60% pediatric blood.

The 20%, 40%, and 60% HCT blood analogs created distinct fluid dynamic patterns
within the 12 cc Penn State PVAD. While the general flow throughout the device was
similar, there were several key differences including the duration and alignment of jet
formation and the development of the solid body rotational flow. Specifically, the more
viscoelastic blood analogs resulted in a delayed development of inlet jets that correlated
to a delay in the development of the solid body rotation. The formation of the outlet jet
was similarly delayed and resulted in a lower peak velocity outlet flow during systole.
Additionally, an outlet flow blockage upstream of the outlet valve occluder was evident
late in systole. This pattern was observed in all of the fluids but slightly later in systole
for the more viscoelastic analogs. Changes in these fluid dynamic characteristics have
the potential to impact the likelihood of blood damage and thromboembolic events in
mechanical circulatory support devices like the PVAD. This study demonstrated that
hematocrit variations do, in fact, alter the fluid dynamics within the PVAD and can
ultimately affect the efficacy of the device. Care must be taken to ensure that the fluid
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dynamics within the PVAD minimize the probability of hazardous events like
thrombosis.

6.2 Future Studies
Further studies are necessary to more completely define the effect of hematocrit on the
fluid dynamics within the PVAD. For example, planar PIV could be used to take data on
planes normal to the diaphragm. Fluid dynamic data taken in this orientation would
provide valuable information as to the three-dimensionality of the flow created by the
three different blood analogs. Wall shear rate is another important metric for evaluating
the potential for thrombus formation. Calculating the wall shear rate for the three
different blood analogs for both the parallel and normal orientation PIV data would be
helpful in order to further characterize how hematocrit affects the likelihood of
thromboembolic events. It is extremely important to understand exactly how changes in
viscoelasticity affect the fluid dynamics in the device. Identifying the exact mechanism
will allow researchers to more adequately understand data collected while testing on
animals with lower hematocrit. Additionally, a further understanding of this
phenomenon will allow doctors to tailor the use of the PVAD and other mechanical
circulatory support devices to suit pediatric patients that are within the 20%-60%
hematocrit range.
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Appendix A 20% HEMATOCRIT
Appendix A-1. 6.5 mm Parallel Plane
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Appendix A-2. 7 mm Parallel Plane
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Appendix A-3. 8.2 mm Parallel Plane
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Appendix A-4. 11 mm Parallel Plane
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Appendix B 40% HEMATOCRIT
Appendix B-1. 6.5 mm Parallel Plane
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Appendix B-2. 7 mm Parallel Plane
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Appendix B-3. 8.2 mm Parallel Plane
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Appendix B-4. 11 mm Parallel Plane
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Appendix C 60% HEMATOCRIT
Appendix C-1. 6.5 mm Parallel Plane
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Appendix C-2. 7 mm Parallel Plane
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Appendix C-3. 8.2 mm Parallel Plane
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Appendix C-4. 11 mm Parallel Plane
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