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Abstract: Cardiovascular prosthetic devices, stents, prosthetic valves, heart-assist pumps, etc., operate
in a wide regime of flows characterized by fluid dynamic flow structures, laminar and turbulent
flows, unsteady flow patterns, vortices, and other flow disturbances. These flow disturbances cause
shear stress, hemolysis, platelet activation, thrombosis, and other types of blood trauma, leading to
neointimal hyperplasia, neoatherosclerosis, pannus overgrowth, etc. Couette-type blood-shearing
devices are used to simulate and then clinically measure blood trauma, after which the results can
be used to assist in the design of the cardiovascular prosthetic devices. However, previous designs
for such blood-shearing devices do not cover the whole range of flow shear, Reynolds numbers, and
Taylor numbers characteristic of all types of implanted cardiovascular prosthetic devices, limiting the
general applicability of clinical data obtained by tests using different blood-shearing devices. This
paper presents the key fluid dynamic parameters that must be met. Based on this, Couette device
geometric parameters such as diameter, gap, flow rate, shear stress, and temperature are carefully
selected to ensure that the device’s Reynolds numbers, Taylor number, operating temperature, and
shear stress in the gap fully represent the flow characteristics across the operating range of all types of
cardiovascular prosthetic devices. The outcome is that the numerical data obtained from the presented
device can be related to all such prosthetic devices and all flow conditions, making the results obtained
with such shearing devices widely applicable across the field. Numerical simulations illustrate that
the types of flow patterns generated in the blood-shearing device meet the above criteria.
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1. Introduction

Shear-induced blood trauma presents significant challenges across a range of medical
prosthetic devices, including cardiovascular stents, heart valves, ventricular assist devices,
and extracorporeal membrane oxygenation (ECMO) machines. Such trauma can lead to
various adverse events, including platelet activation, hemolysis, and thrombosis. Achieving
a quantitative understanding of how shear-induced blood trauma occurs is essential for
enhancing the design of these medical prosthetic devices.

Commonly utilized shear devices include the annular Couette viscometer, cone and
plate viscometer, and hybrid devices combining both principles [1]. However, these tradi-
tional shear devices are typically designed to operate within the laminar flow regime in
order to ensure a uniform fluid shear stress field. This limitation means that they cannot
fully capture the diverse operating conditions encountered in medical prosthetic devices,
which include vortex flows and turbulence.
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This article aims to address this gap by offering design considerations for developing a
Couette device capable of simulating the operational range found across all cardiovascular
prosthetic devices. By expanding the capabilities of experimental techniques to cover a
broader range of flow conditions, researchers can gain deeper insights into shear-induced
blood trauma and facilitate improvements in prosthetic device design.

2. Physiological Considerations
2.1. Non-Physiological Shear-Induced Blood Trauma in Stents

Stents are widely used in restoring blood flow for treating cardiovascular diseases
such as coronary artery disease [2,3]. The insertion of a stent induces non-physiological
flow both around the stented area [4-6] and downstream of the stented area [7], causing
blood damage. Although the detailed distribution of the blood flow field varies with
different designs, stent struts are usually discussed as a major design factor affecting
the hemodynamic performance of stents [2,8-14]. The flow field around the stent struts
is typically disturbed. This non-physiological flow favors hemolysis and thrombosis
formation, neointimal hyperplasia, and neoatherosclerosis. These three symptoms often
interact with each other [8,15] and can lead to embolization [7] and in-stent restenosis.

The recirculation zones around the edges of each stent strut are associated with low
shear stress, and the flows on the top surface of each stent strut are associated with high
shear stress [16,17]. High shear stress is associated with platelet activation and subse-
quent procoagulation effects [18,19]. Thrombosis events can cause subsequent neointimal
hyperplasia [8,15]. Moreover, the low shear stress regions around the stent frames precipi-
tate inflammation and facilitate neointimal hyperplasia [13,20]. The low shear stress and
high shear stress regions in stents are usually separated by a middle range of 1.5 Pa to
2 Pa[2,5,19,21,22], which is the physiological wall shear stress. Platelet activation occurs
in the magnitude of 1 Pa [1]. Low shear stress makes platelet adhesion easier and in-
duces growth factors derived form both endothelial cells and platelets, which subsequently
induce smooth muscle cell proliferation and migration [15]. Endothelial cells shift to a pro-
atherogenic state under low shear stress [23], allowing them to express more inflammatory
molecules [8,23]. Inflammatory cells are also reported to secrete growth factors to enhance
neointima growth [13,20].

The proximal and distal areas of the stented region are influenced by the turbulence
induced by the stent profile [19,24]. High shear stress in the turbulence region can also
activate platelets and further add to the procoagulant state. Although the detailed mecha-
nisms for the formation of stent thrombosis and neointimal hyperplasia are complicated
and beyond the scope of this paper, non-physiological shear stress significantly affects
these processes.

2.2. Non-Physiological Shear-Induced Blood Trauma in Valves

Artificial heart valves have been designed to replace diseased native heart valves. Bio-
prosthetic valves (BHVs) and mechanical heart valves (MHVs) are surgically implanted [25].
BHYVs are made from flexural materials such as porcine valves or bovine pericardial
tissue [26], while MHVs are made from hard materials such as metal alloys and pyrolytic
carbon [26,27]. BHVs mimic the geometry and flow characteristics of human heart valves,
while the structures of MHVs (bi-leaflet, mono-leaflet, caged ball valves, etc.) vary by
manufacturer. Thus, BHVs are associated with physiological blood flows, but can induce
structural valve deterioration (“wear of the valve”) [28]. On the other hand, MHVs are
associated with better resistance to wear; however, they induce non-physiological blood
flows [29] and lead to blood damage.

Two major symptoms related to non-physiological flows in MHVs are thrombosis
events and pannus overgrowth. Typical sites where high shear stress is found include the
leaflet surfaces, valve components (e.g., metal cage or hinge), and in the turbulence wake
downstream of valve components [26,30-35]. With the latest designs, about 15% of patients
undergoing trans-aortic valve implantation (TAVI) exhibit hemolysis [36].
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The shear stress magnitude for MHVs ranges from 10 Pa to 156 Pa [37,38], while the
shear stress magnitude for BHVs ranges from 1 Pa to 4 Pa [30,39]. The excessive activa-
tion of platelets in MHVs makes the blood more coagulative, requiring anti-coagulation
therapy [27,28,40,41]. Recirculation zones characterized by low shear stress in the aortic
side favor deposition of activated platelets, where thrombi are formed. This can lead to
device failure in these zones, e.g., the apex of the cage for ball and cage valves [33], the disc
and hinge on the aortic face [42,43], and the area between the prosthetic valve frame and
stented native valve leaflets and the base of the leaflet for transcatheter valves [34].

Degenerative pannus formation in valves is associated with excessive healing, fibrosis,
and scar tissue [44-46]. Although the cascade for the formation of pannus is not fully
understood [45], it is believed to be interrelated with neointima formation [45,47,48] and
platelet activation with subsequent thrombous formation [31,49], all of which are affected
by non-physiological flows. Panni usually start from the suturing ring and propagate
towards the center of valves, hardening the valve leaflets and further disturbing valve
flow [43,44,47,50,51].

2.3. Non-Physiological Shear-Induced Blood Trauma in Mechanical Circulatory Support Devices

The high rotor speed required by heart-assist pumps results in non-physiological flow
fields characterized by turbulence and high shear stress. The shear flow conditions in these
devices are associated with three major symptoms leading to device failure: hemolysis,
bleeding, and thrombembolic complications.

Stresses in the gap between the pump rotor and housing range from 10 to 800 Pa.
This level is much larger than the shear stress threshold for hemolysis, which is 150 Pa
to 400 Pa [1]. Turbulence induced in the pump region damages red blood cells [52]. These
supra-physiologic shear conditions also lead to degradation of the von Willebrand factor
(VWF). vWF degradation is the most commonly investigated cause for bleeding events. The
high shear stress exerted on large vVWF multimers breaks them into smaller ones. Further,
the shear stress leads to elongation and exposure of cleavage sites for large vVWF multimers,
which facilitates the action of ADAMTS-13 in breaking down large vVWF multimers into
smaller pieces [53]. Platelets activated by high shear consume vWF multimers [54].

High molecular weight (HMW) multimers of vWF are decreased or absent in all pa-
tients with permanently implanted heart-assist pumps [53,55-57]. The activation of platelets
is also associated with supra-physiological shear caused by these devices [58-62]. Activated
platelets are deposited on the blood-contacting surface of the device to form thrombi. The
formation of thrombi on pump surfaces is commonly referred to as pump thrombosis.
Other device-related thrombosis events include embolic events in the blood vessels; if these
occur in the brain, they can lead to strokes or other permanent neurological disorders.

On the one hand, shear stress activates more platelets, making the blood more coagu-
lative. On the other hand, shear stress helps to wash out platelets, preventing them from
depositing on the blood-contacting surface. Therefore, thrombi are likely to form in low-
velocity flow regions at the inflow and outflow regions of heart-assist pumps [48,63-68] and
in the vicinity of the bearings [63,65,69]. Thrombus formation is not commonly reported
in regions with higher flow velocities, such as the housing surfaces around the impeller
and the impeller surfaces [63,64]. Pannus formation, which as discussed above is related to
thrombosis events, is also found at the inflow and outflow sites of the pumps [48,49,67-75].

3. Ranges of Reynolds Numbers and Taylor Numbers for Blood Trauma Testing Devices

The above physiological review underscores the significance of flow patterns inducing
blood trauma in relation to cardiovascular prosthetic devices. Vortex flow, recirculation flow,
and turbulence all play crucial roles in this process across such prosthetic devices. Fluid
dynamic theory utilizes non-dimensional numbers to characterize similar flow phenomena.
Consequently, it becomes imperative to design shear devices in a way that matches the
operational conditions of medical prosthetic devices based on these non-dimensional numbers.
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Table 1 presents reported parameters related to stents. Unless otherwise specified, the
velocity u listed in the table represents the average flow velocity for a cardiac cycle. Peak
systolic velocity is defined as the average velocity for the peak systolic velocity profile,
while exercise velocity is defined as the average velocity for a cardiac cycle under exercise
conditions. The corresponding average flow rate can be calculated using u7t(D/4)2.

The values in the table were calculated using blood density p = 1040 kg/m? and
viscosity u = 0.0035 Pa- s. Rey, is the Reynolds number calculated based on the flow
velocity and vessel diameter, as shown in Equation (1):

Rey, — PD;”. (1)

Resyr is the Reynolds number calculated based on flow velocity and height of the strut,
as shown in Equation (2):

h
Regyyr = plstrt stru'

(2)

Table 1. Stent parameters.

Vessel Diameter D, (mm) Blood Velocity u (m/s)  Strut Height h (um) Re,. Restr Ref.

3.2 0.97 140 931 40.74 [76]
3.2 (Zéi?ercise) 140 2390 104.58 [76]
3.2 0.97 50 931 14.55 [76]
3.2 (Ze;,incise) 50 2390 37.35 [76]
9.5 0.3125 890 [77]
3.03 0.31 100 282 93  [78]
3.03 ?(;zizerline) 100 484 1599 [78]
96 [3]

2.6 0.16 100 1248 4.8 [79]
8 0.25 122 600 9.15 [80]
8 ?};Beak systolic) 720 [81]
3.5 0.2 210 [21]
20 0.2 1200 [82]

0.45 150 20.25 [19]

2.7 150 121.5 [19]

In the context of stent flow, if we consider the stent strut as a cylinder, the blood flow
through the strut can be likened to flow over a partial cylinder. This flow is quantified by
the Reynolds number (Regr). When Reg, surpasses 50, the flow wake downstream of the
strut becomes unstable and exhibits oscillations. For Rey, values exceeding 100, vortices are
shed from the back of the cylinder [19]. Flow separation on the cylinder surface typically
commences at Reg values ranging between 5 and 7 [83]. Under conditions of physical
exertion, the flow around the struts is characterized by the presence of vortices, whereas
under normal physiological conditions the flow around the struts tends to be laminar.

Reynolds numbers reported for describing flow conditions in prosthetic heart valves,
shown in Table 2, are typically calculated using either the targeted vessel diameter or the
valve opening as the characteristic length scale, which is then combined with the average
velocity derived from the peak systolic velocity profile. Other dimensions for valves are not
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commonly reported due to the extensive variety of over 50 different valve designs [29]. The
reported Reynolds numbers for adult valves range from 5000 to 7600, while for pediatric
valves they range from 1639 to 2454. Valves operate in aortic flow conditions, which are
often in the turbulent region for adult valves and laminar to transitional for pediatric valves.

Table 2. Heart valve parameters.

Reye Reference
Adult valves 5000-7600 [44,84-88]
Pediatric valves 1639-2454 [89]

In addition to the Reynolds number, the design of pumps of all sizes and for all appli-
cations relies on non-dimensional parameters of specific speed and specific diameter. For
example, experimental data for optimization of heart-assist pumps using these parameters
have been obtained in simple flow loops and in elaborate flow emulators [90], and have
been published in [91,92]. Accordingly, available design parameters for centrifugal and
axial heart-assist pumps are presented in Tables 3 and 4, respectively. The shear stress
values presented in the tables are derived from computations involving the impeller tip
velocity and the gap size, as determined by Equation (3):

. #(é:ifR) 3)

Rep is the impeller Reynolds number calculated based on the impeller tip velocity

and diameter: (WR)D
w
Pz 4)

ReD =

Reg is the Reynolds number based on the gap (simulating the narrowest passage of
the cardiovascular prosthetic device):

p(wR)d

5
P )

Reg =
In addition to the two Reynolds numbers, the Taylor number characterizes the flow
conditions in the gap region d in relation to half the impeller diameter, defined in this paper
as follows:
P*(w)*(D/2)d
H ‘
The Taylor number is commonly used in the context of double-cylinder rotational
shear flow as a dimensionless number to predict the onset of vortices in the gap region. It
relates the centrifugal force to the viscous force, and can be defined by various forms of
equations [93,94].

Ta = (6)
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Table 3. Pump parameters for centrifugal pumps.

Flow Rate Pressure
In.lpeller Gap (Liter/Min) (mmHg) Speed (rpm) Rep at Ta at
Pump Name References  Diameters (mm) d Design Maximum  Design  Maximum
(mm) D Optimum Maximum Optimum Maximum Optimum Maximum 8 8
rpm rpm rpm rpm
Adult pumps
HeartQuest
CF4/Levacor [95] 4445 6.0 10 100 190 2000 2500 62,072 77,590
HeartQuest 7.62
CF3/Levacor [95,96] 61 075 6.0 13.26 100 2000 2400 116,900 140,280 50,746 73,074
CentriMag [9[79’59]8 | 42.4 1.5 5.0 9.9 352 600 4000 5500 112,956 155,315 1,128,727 2,133,999
HeartMate
1 [95,99-101] 50 0.5-1 7.0 10 90 120 3000 5500 117,809 215,984 27,730 93,204
UltraMag [95] 1.0-3.0 6.0 5000-7000 9000
Kyoto-NTN [95,102] 50 0.2 6.5 120 2000 78,540 788
Nikkiso
HPM-15 [95,103,104] 50 5.0 300 3100 121,740
HVAD [101] 0.05
Meglev pump
developed in Tokyo 95 15) 51.2 2 6.0 7.6 105 140 1900 2200 78237 90590 728947 977315
Medical and
Dental University
Pediatric pumps
PediVAS
Pediatric [95] 27.2 1 3.0 200 5500 63,918 405,623
CentriMag

TinyPump [95] 30 0.1 2.0 4.0 86 120 3000 3000 42,412 42,412 133 133
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Table 4. Pump parameters for axial pumps.
Flow Rate Pressure
Imp eller Gap (Liter/min) (mmHg) Speed (rpm) Rep Ta
Pump Name References  Diameters (mm) d Design Maximum Design Maximum
(mm) D Optimum Maximum Optimum Maximum Optimum Maximum 8 5
rpm rpm rpm rpm
Adult pumps
Impella (2001) [95] <6.4 0.1 5.2 30,000 32,500 19,301 20,910 2839 3332
Impella 2.5 [95,106] <4 0.075 24 2.7 50 45,000 50,000 11,309 12,566 1684 2079
Impella CP [107] <4.67 3.7 46,000 15,758
Impella 5.0 [108] <7 5.3 33,000 25,399
Impella LD [108] <7 5.3 33,000 25,399
Impella 5.5 [109] <6.3 55 33,000 20,573
Impella RP [110] <7.3 44 33,000 27,623
HeartMate II [65,101] 12 0.07 8000 18,095 129
Nanyang
Technological [95] 15.6 0.12 5.14 8.5 100 120 11,000 12,000 42,049 45,872 1607 1913
University
Streamliner [95] 19 6.0 15.0 140 260 7000 9000 39,694 51,035
FuWai [95] 17.5 0.1 6.0 8.0 110 150 8000 9000 39,694 51,035 552 698
. Xian [95] 15.8 0.5 5.0 7.0 100 150 12,000 13,000 47,055 50,977 140,203 164,544
Jiaotong
Virginia
LEV-VAD [95] 20 0.25 6.0 10.0 100 160 6000 8000 37,699 50,265 5546 9859
Pediatric pumps
Virginia Pediatric [95] 14 15 3.0 72 95 8000 9000 24,630 27,709
PVAD PVAD2 ’ ’ ! !
Virginia
Pediatric PVAD3 [95] 11.2 0.25 1.5 3.0 70 95 8000 9000 15,763 17,734 5521 6987
Virginia [95] 1.2 0.2-0.4 15 4.0 70 95 7000 8000 13792 15763 2164 2826

Pediatric PVAD4
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4. Considerations for Blood-Shearing Couette-Type Devices
4.1. Shear Stress Considerations

Figure 1a displays the range of shear stresses for the devices of interest. From left to
right, grey represents other blood-shearing devices, black represents stents, grey indicates
prosthetic heart valves, black shows heart-assist pumps, and the cross-hatched black-white
bar on the far right represents the conditions of the blood-shearing device examined in
this paper. It is evident that most blood-shearing devices are not designed to cover the
shear stress range applicable to blood pumps. The blood-shearing device in this paper
covers the entire range of commercially available stents, valves, and heart-assist pumps,
excluding the highest values for Impella variants, which have the highest shear among
heart-assist pumps. The exclusion of Impella’s maximum shear stress range is reasonable
given that this device is known to induce very high shear stress levels and high hemolysis.
Other micro-pumps are designed at lower shear stress values with the explicit purpose of
generating less hemolysis than Impella.
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(d) Taylor number range

Figure 1. Operating range of parameters of devices. From left to right: black represents other blood-
shearing devices, grey represents stents; black shows prosthetic heart valves; grey shows heart-assist
pumps; and the cross-hatched black-white bar on the far right represents the conditions of the blood-
shearing device examined in this paper. Data from: Moritz, 1981 [111]; Zhang, 2011 [112]; Gilad,
2013 [113]; Chen, 2016 [114]; Maruyama, 2016 [115]; Watanabe, 2016 [116]; Antony, 2016 [117]; Filippo,
2017 [118]; Dimasi, 2017 [119]; Wu, 2018 [120]. References listed alphabetically in this Figure can be
fund in the list of references by first author.
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4.2. Temperature Considerations

Figure 1b shows that some existing blood-shearing test devices are designed for blood
tests at 37 °C, which is the operational temperature for implanted medical devices in the
human body. The blood temperature during testing is crucial from the perspective of shear
flow. A 10 °C change can result in a viscosity change in the range of 10% to 20%, around
37 °C[113,121]. This implies that if experiments are conducted at room temperature (25 °C),
even if the shear stress calculated using the room temperature viscosity is designed to
cover the range of medical device operational conditions, the shear rate will deviate from
the operational conditions. The shear rate is also proposed to be an important factor for
flow-induced blood trauma [122]. The blood temperature during shearing experiments
must be controlled at 37 °C in order to eliminate uncertainties.

4.3. Reynolds Number Considerations

Figure 1c demonstrates that the Reynolds number of the proposed device can encom-
pass all commercial medical devices and shearing devices.

4.4. Taylor Number Considerations

Figure 1d illustrates the Taylor number range for existing devices and the device in
this paper. It is evident that the proposed design could cover the entire range of Taylor
numbers. Shearing devices constructed in the past have primarily focused on laminar
and uniform shear flows, resulting in very small Taylor numbers that cannot accurately
represent realistic blood flow conditions.

The Taylor numbers are generally larger for centrifugal pumps compared to axial
pumps. This difference can be attributed in part to the fact that the gap clearance for axial
pumps is often much smaller than that for centrifugal pumps. The critical Taylor number
for flow transition from circular Couette flow to the vortex state is 1708 [123]. The pumps
operate in a broad flow regime.

4.5. Basic Geometry

The geometric and physical parameters of the double-cylinder Couette-type blood-
sharing device were selected to result in Reynolds numbers, Taylor numbers, and shear
stress ranges representing all cardiovascular prosthetic devices. The maximum rotational
speed of the inner rotor was set at 7000 rpm, with the outer rotor stationary. The other
dimensions and parameters are summarized in Table 5. Blood residence time in the radial
gap can be adjusted by changing the flow rate in the experimental loop from 5 L per minute
to near 0 L per minute, varying from 4 ms to near infinity. In the simulation setup, a typical
flow rate of 1 L per minute was used and the average residence time between the 0.2 mm
and 1 mm gaps was varied from 19 milliseconds to about 90 milliseconds. The device
was integrated into a proof-of-concept practical blood-shearing flow loop, as shown in
Figure 2a. The schematic of the shear device is shown in Figure 2b. In this paper, we focus
on the fundamentals of fluid flow in a simplified model of the radial gap, as illustrated in
Figure 3. Blood trauma measurements in the practical device are presented in a separate
publication [124].

Table 5. Parameters for Couette device.

Parameter Value

Housing (outer cylinder) radius 25 mm

1st inner rotor radius 24.8 mm

2nd inner rotor radius 24.5 mm

3rd inner rotor radius 24.5 mm

Height of the shearing region 10 mm
Operating speed range 0 rpm~-7000 rpm
Flow rate 11t/min

Ta range 0-116 x10°

Reg range 0-5.2 x10°

Rep range 0-1200 x 103
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Figure 2. Schematic of the experimental loop and shear device: (a) schematic of experimental loop

and (b) schematic of the shear device showing the flow path (graph not to scale).
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Figure 3. Snapshot of field output from numerical simulation: (a) velocity magnitude contour in the
gap region with velocity vectors included for the largest gap rotor (note that the maximum velocity
magnitude/color is different for each rpm) and (b) effective shear stress contour in the gap region
(note that the maximum shear stress magnitude/color is different for each rpm).
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5. Numerical Simulation of Representative Flow Fields

Blood is modeled as an incompressible Newtonian fluid with a density of p = 1040 kg/m3
and dynamic viscosity of u = 0.0035 Pa-: s. The system comprises a 3D model consisting
of two concentric cylinders with a height L of 10 mm. The inner cylinders have radii of
R =248 mm, R =24.5 mm and R = 24.0 mm, while the outer cylinder has a radius of 25 mm,
resulting in gap sizes d of 0.2 mm, 0.5 mm, and 1.0 mm. These configurations yield radius

ratios 77, defined as
R
=_— 7
T=R+a 7

of 0.992, 0.980, and 0.960 along with aspect ratios (cylinder height to gap ratio) of 50, 20, and
10, respectively. Correspondingly, the entrance effects in the gap region are expected to be of
relatively short length. This is corroborated by the similar results when using different inlet
models, as discussed near the end of this section. The critical axial wavelength A., which is
indicative of flow disturbance transition based on linear stability analysis, is approximately
Ac/d = 2 [125]. This parameter suggests the presence of 5 to 25 axial wavelengths within
the gap of our simplified geometry, supporting the application of the Taylor number in our
analysis of the results in Section 6.

By examining three rotational speeds w for the inner rotor rotating at 1000 rpm,
2000 rpm, and 3000 rpm, the simulations resulted in Taylor numbers in the range of
191 to 208,340, Reynolds numbers based on the inner rotor diameter ranging from
35,776 to 114,684, and Reynolds numbers based on the gap size ranging from 154 to 2236.
As explained below, these results cover the range of laminar Couette flow, the beginning
of flow disturbances, the generation of laminar Taylor vortices, and the generation of
turbulent Taylor vortices.

Fluent’s ANSYS flow solver was used for a numerical simulation on a structured
hexagonal mesh in the radial, azimuthal, and axial directions. The grid was gradually
refined until further refinement did not significantly alter the computed results, indicating
that the grid was sulfficiently resolved. After mesh size optimization, the mesh between the
two rotors comprised 50 cells in the radial direction, 400 cells in the azimuthal direction,
and 500 cells in the axial direction, resulting in a total of 10 million hexahedral cells and
about 10.3 million nodes (grid points). Pressure discretization was performed using a
second-order scheme, while momentum discretization utilized a second-order upwind
scheme. The simulation employed a viscous laminar model in the laminar region and an
SST k-w turbulent model in the turbulent region; the distinction between the two regions is
further explained in the next section.

To verify the Newtonian assumption, we conducted additional simulations incor-
porating shear-thinning viscosity models such as the Casson model [126], Cross model,
and Carreau—Yasuda model [127]. The results with these shear-thinning models are sim-
ilar to Newtonian results, and both are similar to the results for a homogeneous “top
hat” plug—flow inlet and a laminar parabolic axial flow inlet coupled with a Couette az-
imuthal flow inlet. Further, at these axial flow velocities and axial flow Reynolds numbers
(about 31), a turbulent inflow model would re-laminarize very fast. However, the turbulent
model and top-hat inflow model (which is an approximation for turbulent flow) both have
slightly higher shear stress than laminar flow. All of the above cases lead to very similar
results. The Newtonian results with laminar parabolic flow and Couette azimuthal inlet
flow are presented below.

Shear thinning model simulations were performed for gap sizes corresponding to our
experimental conditions (200 to 1000 um). The results indicate minimal differences in flow
characteristics between these models, reaffirming the appropriateness of the Newtonian
assumption in our research. This conclusion is further supported by the fact that human
red blood cells, with a diameter of less than 10 um and a thickness of less than 3 um, are
substantially smaller than the gaps considered in the other studies in the next sentence as
well as in our study. Additionally, previous numerical studies such as Zhang et al. [112]
(gap size 100 pum), Fraser et al. [128] (gap size 100 pm), and Wu et al. [120] (gap size 50 pm)
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have successfully employed the Newtonian fluid assumption in comparable contexts,
reinforcing its suitability for our study.

6. Results and Discussion

The distribution of velocity magnitudes within the gap region is depicted in Figure 3a,
along with in-plane velocity vector plots for the 1.0 mm gap rotor indicating the flow

direction. The field solution of the effective shear stress, defined as (%Ti]«Tij)% (where
T represents the deviatory stress), is illustrated in Figure 3b. Additionally, the wall shear
stress at the rotating cylinder is visualized in Figure 4.

The laminar flow solver was used for the 0.2 mm gap for 1000 and 2000 rpm, where
the Reynolds numbers and resultant flow fields indicate that the flow is laminar. As the
Reynolds numbers increase, small velocity disturbances begin to appear near the outlet
at Ta = 1724. These flow disturbances are more pronounced with the 0.5 mm gap and at
1000 rpm as Ta increases, and are fully formed into laminar vortices near the outlet region
at 0.5 mm gap and 2000 rpm, where Ta = 11,815. Both laminar and SST turbulent solvers
were used in the 1 mm gap at 1000 rpm, 2000 rpm, and 3000 rpm, where they provided
substantially the same results in terms of vortices while the boundary layers were thinner
for the SST turbulent models. Furthermore, Figure 3 shows an increase in the wavelength
of the vortices when the gap increases from 0.5 mm to 1 mm at 3000 rpm. This observation
qualitatively aligns with linear theory, which indicates that the instability axial wavelength
is proportional to the gap width (refer to Section 5).

The simulation outcomes affirm the ability of the Couette-type blood-shearing device
presented in this paper to examine blood flows with laminar and turbulent flow patterns
and with Taylor vortex structures representative of those found across the range of cardio-
vascular prosthetic devices, stents, valves, and heart-assist pumps. Before reaching a Taylor
number of 1724, any instabilities in the flow are suppressed and the predominant flow
fields exhibit a uniform distribution of shear. However, upon surpassing the Taylor number
threshold of 1724, disturbances in the flow begin to arise at the solid fluid boundary and
continue to increase with increasing Taylor numbers, leading to local velocity disturbances
beyond those of pure Couette flow. As the Taylor number continues to rise, the formation
of vortices becomes evident, further augmenting the shear state. Additional increases in
the Reynolds and Taylor numbers result in turbulent flows. These disturbances result
in increases in the flow shear of blood in contact with the solid boundary, consequently
elevating the shear stress and increasing blood trauma. Bovine blood trauma measurements
caused by the device described in this paper confirmed that increasing the Reynolds and
Taylor numbers increases blood trauma, as reported in a separate paper [124]; however,
this clinical measurement aspect is beyond the scope of the present paper.

Table 6 shows the volume of fluid elements experiencing stress levels surpassing
the hemolysis threshold of 150 Pa [129]. Additionally, particle pathline analyses were
conducted for rotors operating at 3000 rpm, initiating trajectories from three inlet points of
the radial gap positioned at R;;, +0.25d, R;;, +0.5d, and R;,, +0.75 d. These pathline results
are depicted in Figures 5-7 for rotor gaps of 0.2 mm, 0.5 mm, and 1.0 mm, respectively. The
0.5 mm rotor at 3000 rpm exhibited the highest volume of fluid exposed to super-hemolytic
shear stresses compared to the 1.0 mm and 0.2 mm gap rotors. This rotor also generated
more vortices. Notably, the 0.5 mm rotor showed an intermediate average exposure time,
whereas the 1.0 mm gap rotor exhibited the longest exposure times and the 0.2 mm gap rotor
the shortest. The reduced exposure duration and increased vortex formation in the 0.5 mm
gap resulted in higher fluctuations in shear stress. As depicted in the pathline figures,
particles within the 0.5 mm gap experienced the highest frequency of stress fluctuations and
were more likely to encounter shear stress levels exceeding 150 Pa. These results suggest
that at 3000 rpm the 0.5 mm gap rotor poses the highest risk for inducing hemolysis. This
agrees with the blood trauma measurement results in [124].
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Figure 4. Snapshot of the wall shear stress distribution at the rotating cylinder wall (note that the
maximum wall shear stress magnitude/color is different for each rpm).

Figure 5 shows a short adjustment region near the inlet due to the inflow conditions,
with the flow settling to a steady state soon afterwards. On the other hand, in higher Taylor
numbers, where there is high flow unsteadiness, the adjustment region is not evident.
Figures 3a,b and 4 show the simulation results obtained with the parabolic axial velocity
with a Couette azimuthal velocity distribution and Newtonian fluid. Simulations with
the plug-flow “top hat” inlet velocity profile indicate a marginally longer inlet adjustment
length and marginally larger stress levels, but do not substantially change the results.

250

200

)

150

100

Shear Stress (Pa
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Figure 5. Stress fluctuation along three pathlines for the 0.2 mm gap rotor.
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Figure 6. Stress fluctuation along three pathlines for the 0.5 mm gap rotor.
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Figure 7. Stress fluctuation along three pathlines for the 1.0 mm gap rotor.

Table 6. Volume of fluid experiencing stress levels above the hemolysis threshold.

Volume for Stress Larger than 150 Pa (mm3) 1000 rpm 2000 rpm 3000 rpm
0.2 mm gap 0.00 0.00 2.38

0.5 mm gap 0.29 1.13 64.82

1.0 mm gap 0.30 1.82 49.83

In this paper, we have assumed that the flow patterns and characteristics generated by
the double-cylinder Couette-type blood-shearing device, including laminar, vortex, and
turbulent flows, sufficiently represent the flow conditions found in high shear flow regions
of various cardiovascular prosthetic devices. While this model provides valuable insights,
we acknowledge that complete similarity with all types of cardiovascular prosthetic devices
may not be achievable due to differences in device geometries.

Our numerical study relies on the assumption that blood can be approximated as a
Newtonian fluid. While this simplification is justified by previous studies in comparable
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contexts and our additional simulations using shear-thinning viscosity models, it is impor-
tant to acknowledge that blood exhibits other complex non-Newtonian behaviors [130,131].
Incorporating additional non-Newtonian characteristics into our simulations and the full
geometry of the device in a future study would provide a more accurate representation of
blood rheology and improve the relevance of the study to real-world applications.

7. Conclusions

Previous blood-shearing devices do not cover the full regime of key flow parameters
such as Reynolds numbers, Taylor numbers, and shear stress levels experienced by blood
across the full range of operating conditions of cardiovascular prosthetic devices such
as stents, valves, and heart-assist pumps. Thus, clinical measurements of blood trauma
from these different blood-shearing devices have a limited range of applicability. This
paper outlines geometric and flow parameter selection for the design of a Couette-type
blood-shearing device in a manner that ensures that such devices cover the full range
of the above key parameters of interest for all three types of cardiovascular prosthetic
devices. Therefore, the flow patterns in the device in this paper are representative of those
found in the full range of operation of all three types of cardiovascular prosthetic devices.
The outcome is that the numerical data obtained from this device can be related to all
such prosthetic devices and all flow conditions, making the shearing-device results widely
applicable across the field. Numerical simulations have verified the device’s capacity
to generate both homogeneous and inhomogeneous flow fields as well as laminar and
turbulent flow fields characterized by instabilities and vortices that can cause subsequent
blood trauma. Future investigations will utilize our internally developed high-fidelity red
blood cell computational model to further explore non-Newtonian behaviors in blood flows
under highly constrained gaps [131].
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Nomenclature

The following abbreviations are used in this manuscript:

Latin

D Diameter [m]

d Radial gap size [m]

L Height [m]

R Radius [m]

Re Reynolds number

Ta Taylor number

u Velocity [m s~

Greek

U Dynamic viscosity [kg m~! s~ or Pa-s]
w Rotation speed [s71]

P Density [kg m3]

T Deviatoric stress [kg m 1472
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Superscripts and subscripts

D Diameter
g Radial gap
in Inner rotor
R Radius

str Strut

ve Vessel
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