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We are developing a universal, advanced ventricular assist 
device (AVAD) with automatic pressure regulation suitable 
for both left and right ventricular support. The primary goal of 
this computational fluid dynamics (CFD) study was to analyze 
the biventricular performance of the AVAD across its wide 
range of operating conditions.

An AVAD CFD model was created and validated using in 
vitro hydraulic performance measurements taken over condi-
tions spanning both left ventricular assist device (LVAD) and 
right ventricular assist device (RVAD) operation. Static pres-
sure taps, placed throughout the pump, were used to vali-
date the CFD results. The CFD model was then used to assess 
the change in hydraulic performance with varying rotor axial 
positions and identify potential design improvements. The 
hydraulic performance was simulated and measured at rotor 
speeds from 2,300 to 3,600 revolutions/min and flow rates 
from 2.0 to 8.0 L/min. The CFD-predicted hydraulic pressure 
rise agreed well with the in vitro measured data, within 6.5% 
at 2300 rpm and within 3.5% for the higher rotor speeds. 
The CFD successfully predicted wall static pressures, match-
ing experimental values within 7%. High degree of similarity 
and circumferential uniformity in the pump’s flow fields were 
observed over the pump operation as an LVAD and an RVAD. 
A secondary impeller axial clearance reduction resulted in a 
10% decrease in peak flow residence time and lower static 
pressures on the secondary impeller. These lower static pres-
sures suggest a reduction in the upwards rotor forces from 
the secondary impeller and a desired increase in the pressure 
sensitivity of the pump.

The CFD analyses supported the feasibility of the proposed 
AVAD’s use as an LVAD or an RVAD, over a wide range of 
operating conditions. The CFD results demonstrated the oper-
ability of the pump in providing the desired circumferential 
flow similarity over the intended range of flow/speed condi-
tions and the intended functionality of the AVAD’s automated 
pressure regulation. ASAIO Journal 2022; 68;1024–1035

Keywords: heart failure, blood pump, computational fluid dynam-
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Introduction

Heart failure is a serious health issue and a primary con-
tributor to cardiovascular mortality that affects approximately 
26 million people worldwide.1 The incidence of heart failure is 
also rising rapidly in developing nations. Heart transplantation 
can provide a remarkable improvement in quality of life and 
survival in selected patients with end-stage heart disease,2,3 but 
a shortage of donor's hearts currently limits this option.4 In the 
United States, an estimated 50,000–100,000 patients are in 
need of heart transplantation or mechanical circulatory support 
(MCS), but transplantation is performed in only ~2,300 cases 
per year. Instead, such support is usually provided by left ven-
tricular assist devices (LVADs), the most widely used means for 
improving the hemodynamic status of both transplant-eligible 
and noneligible patients.3 The rate of patient enrollment has 
grown to exceed 2,500 implants per year for durable mechani-
cal circulatory assist devices such as LVADs and total artifi-
cial hearts (TAHs). Device strategy is changing such that the 
number of LVADs implanted as destination therapy has contin-
ued to grow. However, as support duration increases, clinical 
limitations, and specific complications of LVADs have become 
apparent. These include a loss of arterial pulsatility,4,5 develop-
ment of aortic regurgitation,5 pump thrombosis or hemolysis,6,7 
severe backflow during pump stoppage, difficulty evaluating 
native heart function and weanability,8,9 and acute or late right 
heart failure.10,11

Biventricular failure represents an extremely ill population of 
patients who have end-stage heart disease that often involves 
both ventricles, even if its initial cause was limited to left-sided 
heart disease.12 There is a high incidence of adverse events and 
poor 1-year survival in the biventricular VAD population.13,14 
With no linkage to any specific pump type, this condition con-
tinues to limit the long-term success of durable MCS therapies, 
and so demands timely intervention to sustain deteriorating 
hemodynamics and to facilitate symptomatic improvement.14
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Despite major breakthroughs with MCS technology in recent 
years, limited efforts were made to deliver VADs with biventric-
ular capability to clinical practice. Currently available VADs are 
not specifically designed for right ventricular support, which 
is typically limited by the LVAD operational range.15 We are 
developing an innovative, advanced ventricular assist device 
(AVAD) which is intended to be used as a universal VAD, suit-
able for left heart, right heart, and biventricular support.

In this report, we present a computational flow dynamics 
(CFD) study of the current AVAD design to help demonstrate its 
intended functionality, explore the pump’s self-pressure regula-
tion feature, and identify design changes aimed at improving 
the pump’s hydrodynamic performance that could be incorpo-
rated into the next generation design.

Materials and Methods

Device Description

The three main components of the AVAD, the housing, sta-
tor, and rotor, are shown in exploded and cross-sectional views 
in Figure  1. The pump housing was 3D printed with small 
holes for the static pressure taps. The internal fluid contacting 
surfaces of the housing were machined to remove roughness.  
The stator was made of titanium and the rotor was constructed 
of 3D printed plastic. The AVAD rotor has seven primary impel-
ler blades, which provide the pump’s hydraulic performance, 
and twelve secondary impeller blades, which help to maintain 

the pump’s axial stability during operation. A thin, blood lubri-
cated journal bearing flow path connects the primary and 
secondary impeller flow regions. A pressure-regulated flow 
restriction, or aperture, downstream of the primary impeller 
in combination with an axially offset volute are the key design 
features enabling the AVAD’s biventricular capability.

The AVAD provides automatic and dynamic pump perfor-
mance regulation similar to that found in our continuous-flow 
TAH.16 The AVAD’s rotor is free to move axially in response 
to varying system pressures, thereby opening or closing an 
aperture at the impeller discharge. This aperture functions as a 
differential pressure regulating valve automatically balancing 
the differential fluid pressure force acting on the rotor with the 
axial magnetic force from the motor.17–20

A weak magnetic force acts on the rotating assembly in 
the axial direction to close the aperture, while the hydraulic 
forces created by pump rotation act in the opposite direction to 
open the aperture. Should the pump rotation stop, the hydrau-
lic forces disappear, and the axial magnetic force causes the 
impeller aperture to automatically close, inhibiting backflow 
of blood through the pump.

Operating a pump designed to be an LVAD as a right ventricular 
assist device (RVAD) would contribute to chronic “off-design” flow 
patterns of flow recirculation caused by a relatively low rotor speed 
for a given flow rate.20 For the AVAD, the volute section is axially 
offset from the primary impeller to even out the pressures around 
the primary impeller providing an axisymmetric pressure and flow 
distribution (Figure 1A). This enables the AVAD to operate over a 

Figure 1. (A) An exploded view of the AVAD design showing the stator, rotor, and housing. (B) A cross-sectional view of the AVAD design 
showing the internal magnet and aperture separating the primary impeller region from the offset volute. (C) Images of the CFD model showing 
the extended inlet and outlet and the rotor at the nominal axial position (0.022”) within the housing. 
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wide range of flows/rotor speeds without creating adverse second-
ary flow patterns which could lead to thrombus formation.21–23 This 
broad range of operating conditions allows the AVAD to function 
as either an LVAD at higher speeds/higher pressures or as an RVAD 
with lower speeds/lower pressures, without modification.

In Vitro Testing Description

The AVAD hydraulic performance testing was performed 
using a mock flow loop. In addition to the AVAD, the flow 
loop included manual valves for varying vascular resistance, 
a Transonic flow probe (Transonic Systems Inc., Ithaca, New 
York, USA) for measuring the flow rate, and Meritrans DTXPlus 
pressure transducer (Manufacturer Merit Medical, Singapore) 
for the pressure measurements. Polyvinyl tubing, of 3/8” inner 
diameter, was used to connect the flow loop components.

The testing was performed under steady-state flow condi-
tions. A water/glycerin mixture with a density of 1060 kg/m3 
and viscosity of 2.03 centipoise was used for the testing. Static 
pressure measurements were recorded at the pump inlet, pump 
outlet, and six other locations covering each of the flow regions 
within the AVAD. A manifold arrangement was used to connect 
each of the pressure taps to the pressure transducer. For this 
study, the axial location of the rotating assembly was estimated 
photographically by viewing through a clear housing. A range 
of flow rates, from 2 to 8 L/min (L/min) and impeller rotational 
speeds, from 2300 to 3600 revolutions/min (rpm), spanning the 
intended use of the AVAD, were included in the testing.

CFD Model Description

Our initial focus in this CFD study was to create and vali-
date a CFD model of the AVAD design by comparing pre-
dicted pump performance with in vitro measurements under 

steady-state flow conditions. ANSYS R18.2 (Canonsburg, 
Pennsylvania, USA) software, including DesignModeler, 
ANSYS Meshing, CFX, and CFD-Post, was used for these simu-
lations. Images of the AVAD CFD model, with the rotor in blue, 
are shown in Figure 1B. To reduce the influence of the applied 
boundary conditions, six-inch-long inlet and outlet extensions 
were added to the pump CFD model. Leveraging the cylindri-
cal symmetry of the pump housing surrounding both impellers, 
a multiframes of reference “frozen rotor” model was applied 
for these steady-state simulations.

The pump fluid volume was extracted from the three-dimen-
sional AVAD model and separated into rotating and non-
rotating flow domains (Figure 2A). The key to this effort was 
developing a CFD model where the different flow domains 
would automatically adjust and shift in response to changes 
in rotor axial position and aperture size. Tetrahedral mesh ele-
ments with eight prism inflation layers along all the walls were 
used in the volute and both impeller regions. Hexahedral mesh 
elements were used for the cylindrical-shaped journal bearing 
flow path and for the inlet and outlet extensions. The results 
from a mesh refinement study, conducted at the highest flow 
rate (8 L/min) and highest rotational speed (3600 rpm), are sum-
marized in Table 1. The findings indicated very little change in 
the pump pressure rise (−0.4%) and impeller torque (−1.1%) 
between the baseline and refined mesh solutions. The refined 
mesh model was used for all the other simulations conducted 
in this study. For the refined mesh model, the prism inflation 
layers had an initial element height of 2.0e-04” (5.0e-03 mm) 
at the blade tips and 3.9e-03” (1.0 e-02 mm) on other the other 
impeller surfaces. Images of this refined mesh model near the 
primary and secondary impellers are shown in Figure 2B, C. 
The area-averaged mesh y+ value, which is a dimensionless 
distance from the wall based upon the local wall shear stress, 

Figure 2. (A) Cross-sectional view of the different flow regions created within the AVAD with the rotor at an axial position of 0.022”.  
(B) Cross-sectional view of the computational mesh surrounding a primary impeller blade. (C) Cross-sectional view of the computational mesh 
surrounding a secondary impeller blade. 
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on the impeller surfaces was 1.2, with a maximum value of 
2.8. These y+ values were for highest shear condition, with a 
flow rate of 8 L/min and impeller rotational speed of 3600 rpm. 
Such near-wall mesh resolution is intended to accurately cap-
ture the flow field, velocity gradients, and hence shear stress, 
along the walls.24

For the validation study, three flow rates were each mod-
eled at four impeller rotational speeds spanning the pump’s 
intended range of use under both RVAD and LVAD operation. 
A water/glycerin mixture, with fluid properties matching the 
in vitro test conditions (ρ = 1060 kg/m3; μ = 2.03 centipoise), 
were used for this study. The effects of turbulent flow within 
the pump were captured using the Reynolds Averaged Navier 
Stokes shear stress transport k-ɷ turbulence model.25 An aver-
age inlet static pressure and an outlet mass flow rate, matching 
the in vitro test conditions, were used as boundary condi-
tions. The axial location of the rotating assembly, which was 
estimated photographically through the clear pump housing, 
varied by only ± 0.003” across the range of flow conditions 
measured. As this degree of variation was comparable with 
the axial measurement resolution, we elected to position the 
rotating assembly at the average axial location of 0.022 for 
the data collected. A concentric radial location for the rotating 
assembly was used due to the very small bearing clearance 
with limited potential radial displacement of the rotor relative 
to the overall pump dimensions. The predicted hydraulic pres-
sure head and wall static pressures, at six positions throughout 
the pump, were compared with in vitro experimental data to 
validate the CFD model. The CFD solutions were run on 12 or 
16 core workstations at SimuTech Group.

With the goal of using the validated CFD model to confirm 
the design intent of the AVAD and identify potential design 
improvements, several additional studies were completed 
using blood. A density of 1060 kg/m3 and a Cross non-New-
tonian viscosity model,26,27 with an infinite shear viscosity of 
3.5 centipoise, was used for these blood flow simulations. We 
first compared the pump’s flow fields under nominal RVAD 
and LVAD operating conditions. Then, we explored the change 
in pump performance with varying rotor axial positions. The 
intent was to evaluate the sensitivity of the pump’s hydraulic 
performance to the aperture size. Lastly, as the pump housing 
was intentionally designed with a large clearance to ensure 
sufficient room for rotor axial movement, we evaluated the 
impact of reducing the secondary impeller clearance. An addi-
tional variable called “residence time”, calculated using a 
volumetric user scalar with a source term, was included in the 
secondary impeller clearance simulations.

Results

CFD Model Validation

The CFD-predicted hydraulic pressure rise agreed well 
with the in vitro measured data, within 6.5% at 2300 rpm and 
within 3.5% for the higher rotor speeds. A plot comparing 
the hydraulic pressure rise test data with the CFD results is 
shown in Figure 3. Typical ranges for the flow rates and pres-
sure increases under both RVAD and LVAD operation are also 
shown in this Figure 3. The wall static pressures, taken at six 
positions throughout the pump (Figure 4A), also agreed well 
with experimental data. The largest differences occurred in the 
primary impeller region with the CFD results underpredicting 
the experimental values by less than 7% for all flow/speed con-
ditions other than at 7 L/min and 3100 rpm. At that condition, 
the CFD-predicted primary impeller region pressures were 
10% lower than the measured values. Figures 4B, C, D show 
the good agreement between the CFD results and test data at 
the pressure tap locations over the wide range of flow/speed 
conditions studied. For the pressure taps in the primary and 
secondary impeller regions, the static pressure values from the 
CFD model were average values around the perimeter of the 
pump at the axial location of the pressure tap. The intent was to 
“average out” the impact of the impeller blade position relative 
to the pressure tap location and, in doing so, better mimic the 
measured “time-averaged” pressure values at those locations.

RVAD and LVAD Operation—Similarity of Flow Patterns

The intent of the aperture and the offset volute are to enable 
the operation of the AVAD under both RVAD and LVAD condi-
tions. This is accomplished by providing similar flow patterns 
through each of the primary impeller blade passages, achiev-
ing uniformly distributed static pressures circumferentially on 
the impeller surfaces, and reducing flow recirculation within 
the volute over the wide range of RVAD/LVAD operating con-
ditions. The images in Figure 5A, B, C show the variation in 
velocity in the stationary frame on a plane cutting through the 
primary impeller blade for the lowest, middle, and maximum 
operating conditions. The velocity contours show very good 
circumferential similarity for the blood flowing through the 
impeller blade passages. The images in Figure 5D, E, F show 
streamlines colored by velocity in the stationary frame through-
out the pump. When plotting streamlines in the stationary 
frame they appear to pass through the impeller blades which 
are modeled in the rotating frame of reference. The streamline 

Table 1. Summary of the Mesh Refinement Study Results.

 Level of mesh refinement

Mesh setting description Baseline mesh Mid-level mesh Refined mesh

Total number of elements (millions) 9.3 12.1 18.4
Total number of nodes (millions) 4.1 5.0 7.2
Pump pressure rise (mm Hg) 97.3 97.3 96.9
Percentage difference from baseline  -- 0.0% -0.4%
Impeller Torque X-axis (N*m) −0.01425 −0.01430 −0.01409
Percentage difference from baseline – 0.3% −1.1%
Impeller Maximum Yplus 4.28 3.63 2.82
Percentage difference from baseline – −17.9% −51.8%
Impeller Area Averaged Yplus 1.71 1.47 1.18
Percentage difference from baseline – −16.3% −44.9%
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patterns throughout the pump are quite similar over this wide 
range of flow conditions. In addition, the absence of separated, 
recirculating flow within the volute region is quite promising.

Static pressure contour plots on the primary impeller sur-
faces (Figure  6A, B, C) and the rotating assembly surfaces 
(Figure 6D, E, F) show some variation in static pressure occurs 
on the surfaces nearest to the outlet diffuser. However, these 
pressure variations are small and localized helping to create 
a more uniform flow circumferentially around the pump. The 
more circumferentially uniform flow field should reduce the 
extent of isolated, recirculating flow regions within the offset 
volute region that could lead to thrombus formation.23

RVAD versus LVAD Comparison—Nominal Flow Conditions

In addition to comparing the flow fields within the AVAD at 
a nominal LVAD and RVAD flow rate of 4.5 L/min, the effect 
of using blood versus the water/glycerin mixture was also 
explored. The CFD results presented in Figure  7 summarize 
the findings from this study.

The upper set of images in Figure 7A, B, C present velocity con-
tours and tangential velocity vectors on a plane cutting through 
the primary impeller region. The velocity contours and vectors 
are relative to the rotating primary impeller. The velocity con-
tours for the LVAD operation, at 3100 rpm, are extremely similar 

between the water/glycerin and blood solutions. Both solutions 
showing higher relative speeds near the center cone, where the 
flow enters and decreasing relative flow velocity within the blade 
passages, where the fluid is rotating with the blades. The flow 
patterns at the lower RVAD rotational speed of 2300 rpm are very 
similar to the LVAD results. For all these simulations, significant 
blade leading edge induced flow separation occurs and so reduc-
ing the blade leading edge flow incidence angle was identified 
as a design improvement for the next generation AVAD design.

The lower set of images in Figure 7D, E, F shows the variation 
in static pressure throughout the AVAD and exiting through the 
diffuser. The water/glycerin solution provided a slightly higher 
outlet static pressure than that for the blood simulation, 89.2 mm 
Hg vs. 87.5 mm Hg. The increased blood viscosity only caused 
a small reduction in outlet pressure because the pump is operat-
ing at a high Reynolds number and the flow is largely turbulent, 
when the inertial forces (velocity times density) are characteristi-
cally dominant over the viscous forces.28 Here again, a strong 
circumferential similarity and uniformity of the pressure fields 
exist for the AVAD operating as both an LVAD and an RVAD.

Impact of Rotor Axial Position

The axial position of the rotating assembly was moved from 
0.0” to 0.089”, opening the aperture as shown in Figure 8A, B. 

Figure 3. (A) AVAD hydraulic performance curves comparing the CFD-predicted performance with the in vitro measurements across the 
intended range of operation as both an LVAD and an RVAD. 
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Figure 4. (A) Image showing the pressure tap locations throughout the AVAD assembly. Comparison of measured and CFD-predicted static 
pressures at the pressure tap locations for low flow/low speed (B), mid-flow/mid-speed (C), and high flow/high speed (D) conditions. 

Figure 5. Contour plots of velocity in the stationary frame of reference for lowest flow/speed (A), mid-flow/speed (B), and maximum flow/speed (C) 
conditions showing the circumferential similarity in the flow patterns within each of the blade passages. Flow streamlines, colored by velocity in the 
stationary frame of reference, throughout the pump for the lowest flow/speed (D), mid-flow/speed (E), and maximum flow/speed (F) conditions. The 
ranges for these plots vary, based upon the local variation for each flow/speed, to better show the similarity amongst the flow conditions. 
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The goal of this work was to better understand the sensitivity of 
the pump’s performance to varying the rotor axial location and 
aperture size. A blood flow rate of 5 L/min and rotor speed of 
3400 rpm was used for this study. Figure 8C shows the variation 
in pump total pressure rise and net rotor axial force with rotor 

axial position. The pump total pressure rise was relatively insen-
sitive (92–98 mm Hg) to rotor axial position over a wide range 
of rotor axial positions (0.015”–0.089”). As the aperture closes, 
the total pressure losses through the aperture increase causing 
the outlet pressure to decrease as intended. The net axial force 

Figure 6. Contour plots of static pressure on the primary impeller face and on the entire rotating assembly at the lowest flow/speed (A, D), 
mid-flow/speed (B, E), and maximum flow/speed (C, F) The ranges for these plots vary, based upon the local variation for each flow/speed, 
to better show the similarity amongst the flow conditions. 

Figure 7. Images showing relative velocity contours and relative velocity vectors on a plane cutting through the primary impeller blades 
for nominal LVAD conditions with water/glycerin (A), blood (B), and for nominal RVAD conditions (C). These velocity values are relative to the 
rotating impeller. Static pressure contours indicating a small increase (1.7 mm Hg) in outlet pressure when modeling water/glycerin (D) versus 
blood (E) flow and strong axisymmetric similarity in the pressure fields when near nominal RVAD and LVAD operating conditions (E, F). 
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acting on the rotor is also relatively stable, with values vary-
ing between −0.15 and −0.49 N, across a wide range of rotor 
axial positions. These results suggest that only when the aperture 
begins to close, in response to system pressures, will the AVAD’s 
hydraulic performance and axial position change significantly. 
Such consistency in performance and rotor axial stability, with 
the aperture open, was one of the initial AVAD design goals.

Reduced Secondary Impeller Clearance

In reviewing the CFD results from the nominal flow con-
ditions study, a recirculating flow region was observed near 
the secondary impeller. A design modification was therefore 
proposed with the axial clearance in the secondary impeller 
region reduced by 0.394” (1 mm). The intent was twofold: (1) 
to remove excess flow volume in that region, to reduce the 
extent of the observed flow recirculation, and (2) to reduce the 
secondary impeller pressure, encouraging increased rotor axial 
movement. Such increased sensitivity in axial movement with 
rotor speed would help differentiate LVAD from RVAD opera-
tion. A blood flow rate of 4.5 L/min, rotor speed of 3100 rpm, 
and a rotor axial location of 0.022” was used for this study. 
The smaller secondary clearance reduced the volume-aver-
aged residence time in the secondary impeller region by 10%.  
A lower average flow residence time indicates improved wash-
out with less flow recirculation near the secondary impeller. 
Such improved flow patterns should reduce the likelihood of 
thrombus forming near the secondary impeller.24 Contour plots 
comparing flow residence times within the secondary impeller 
regions are shown in Figures 9A, B. With the aperture isolat-
ing the two impeller regions, the reduced secondary clearance 
had negligible impact on the pump’s hydraulic pressure rise 
(−0.2 mm Hg). Reducing the clearance increases the local 
speed along the inner surfaces of the secondary impeller, spe-
cifically near the journal bearing connection. This localized 

speed increase is accompanied by a reduction in the static 
pressure near the inside of the secondary impeller as shown 
in Figures 9C, D. Lower secondary impeller pressures reduce 
the rotor net axial force from −0.16N to −0.30N, providing 
increased axial movement of the rotor in response to varying 
pressure differences. This increased responsiveness is desired 
and could improve the responsiveness and pulsatility in the 
pump’s operation.

Discussion

For end-stage heart failure, heart transplantation or implan-
tation of a left ventricular assist device (LVAD) is lifesaving and 
provides a significant improvement in quality of life.2,3 Despite 
the therapeutic success of LVADs,4 concomitant right ventricu-
lar failure (RVF) and the lack of appropriate long-term, right 
ventricular (RV) support devices have limited the full potential 
that mechanical circulatory support (MCS) can offer to patients 
with biventricular failure.29–32 Despite the relatively low rate of 
temporary right ventricular assist device (RVAD) support in the 
US, a significant number of patients who have been success-
fully discharged after receiving an LVAD remain symptomatic 
from RVF and undergo recurrent readmissions for management 
of heart failure. In addition, delayed RVF is being increasingly 
recognized in a subset of patients on chronic LVAD support. 
Therefore, it is imperative that newer technologies designed or 
adapted for RV support be developed.

Due to less apparent clinical demand for RVADs than for 
LVADs,33 the durable MCS devices have not been designed spe-
cifically for RVAD application. The resulting lack of a reliable 
RVAD further diminishes the treatment options for patients with 
biventricular failure or those with isolated and post-LVAD RVF.34–37

RVAD pumps operate at much lower afterloads (pulmonary 
arterial pressure) than those of LVADs and at significantly lower 
hydraulic loads and power consumption rates. A challenging 

Figure 8. Cross-sectional images of the rotating assembly at axial positions of 0.0” (A) and 0.089” (B). Chart showing the variation in 
pump total pressure rise and net axial rotor force versus the axial position of the rotor, at a blood flow rate of 5 L/min and rotational speed of 
3400 rpm (C). 
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design issue arises when considering both the maximum speed 
needed to meet the LVAD range and the minimum speed needed 
for the RVAD range, which results in a speed ratio of 2.5:1 for 
a combined LVAD/RVAD pump’s operating range. If an LVAD 
with a pump flow of 5 L/min at 80 mm Hg of pump pressure rise 
(differential pressure) is used as an RVAD, pump flow increases 
to >11 L/min due to much lower pump pressure rise (30 mm Hg, 
as an example) in the pulmonary circulation. The question of left 
and right balancing in CF biventricular configurations has been 
discussed but remains debatable.38 The right and left ventricles 
generate different hemodynamic profiles. This is important from 
a technical standpoint during surgery as well as for the manage-
ment of both devices during long-term biventricular assistance 
to prevent pulmonary overflow and development of pulmonary 
edema. As a result, often modifications are necessary for current 
LVADs intended for RVAD use, as devices would generate differ-
ent flow rates due to variances in RV and LV filling pressures and 
variances in systemic vascular resistance vs. pulmonary vascular 
resistance.

A unique aspect of the universal AVAD currently undergoing 
development at the Cleveland Clinic is that its rotor moves axi-
ally in response to varying system pressures, opening or closing 
an aperture at the right impeller discharge. This aperture func-
tions as a differential pressure regulating valve automatically 
balancing the differential fluid axial pressure force acting on 
the rotor. The aperture also provides a flow restriction that lim-
its the right pump discharge pressures yet maintains the desired 
higher left pump discharge pressures. Also, the negative effects 
expected with graft narrowing are fully omitted with the AVAD, 
therefore improving the outflow graft hemodynamics aimed at 
reducing the likelihood of downstream thrombus formation.

This CFD study was completed to supplement experimental 
testing in helping to demonstrate the biventricular operation and 
to explore design sensitivities of this new, advanced ventricular 
assist device (AVAD). The overall intent of the work was to gain 
insight into the flow fields within the AVAD over a wide range 
of operating conditions. With such additional insight, we would 
be able to visualize the similarity of the internal pump flows 
when operating as an RVAD and an LVAD to confirm the pump’s 
design intent and identify design changes aimed at improving 
the pump’s hydraulic performance and/or biocompatibility.

To accomplish these goals, we first performed a validation 
study of the AVAD CFD model. The benefits of performing this 
study were twofold. First, we established the credibility of the 
CFD model results by predicting the static pressures through-
out the pump. This provided a platform for us to conduct virtual 
design studies to assess the sensitivity of the pump’s hydrau-
lic performance to rotor axial position (aperture size) and to 
explore a proposed change in the secondary impeller clear-
ance. Second, by comparing the simulations with the mea-
sured static pressure values across the broad range of intended 
AVAD operating conditions, we gained insight into the ability 
of the pump to function as either an RVAD or an LVAD. Being 
able to visualize the similarity and circumferential uniformity 
of the internal flow fields across the AVAD’s intended oper-
ating conditions supported the theory upon which the pump 
design was based. That was to create a pump that automati-
cally responds to varying afterload conditions without causing 
adverse, recirculating flows at off-design conditions.

The AVAD’s unique offset volute design provided an axisym-
metric geometry surrounding both the primary and secondary 
impellers. This axisymmetric geometry not only simplified the 

Figure 9. Contour plots of residence time within the secondary impeller flow region are shown for the baseline (A) and reduced-axial clear-
ance (B) designs. In addition to reducing flow residence time, the reduced axial clearance also reduces the static pressures near the inner 
surfaces of the secondary impeller (C, D). 

D
ow

nloaded from
 http://journals.lw

w
.com

/asaiojournal by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0h
C

yw
C

X
1A

W
nY

Q
p/IlQ

rH
D

3i3D
0O

dR
yi7T

vS
F

l4C
f3V

C
4/O

A
V

pD
D

a8K
2+

Y
a6H

515kE
=

 on 08/01/2023



Copyright © ASAIO 2021

CHARACTERIZATION AND DEVELOPMENT OF UNIVERSAL VENTRICULAR ASSIST DEVICE: CFD ANALYSIS 1033

CFD modeling approach, being able to apply the steady-state 
frozen rotor model but also reduced the influence of the dif-
fuser location on the pressure and flow uniformity throughout 
the volute. The offset volute, in combination with the pressure-
regulating aperture, yielded flow fields within the primary 
impeller region that were nearly axisymmetric across the flow 
rates and impeller speeds studied. Such circumferential flow 
uniformity significantly reduces secondary, recirculating flow 
patterns within the volute and impeller that were observed 
when using other VADs operating at “off-design” conditions for 
a right ventricular assist.20 Minimizing the secondary, recircu-
lating flow regions reduces the likelihood of thrombus forming 
within the pump. We also observed consistent flow separa-
tion originating from the leading edges of the primary impeller 
blades. For the next generation AVAD design we plan to adjust 
the leading-edge blade angle to reduce the blade incidence 
angle and resulting tip-induced flow separation.39

The validation study was performed with a water/glycerin 
mixture. The additional studies, varying axial rotor location 
and secondary impeller clearance, were conducted using non-
Newtonian blood. To assess the impact of having a different 
fluid viscosity, we performed a study at a nominal flow rate 
of 4.5 L/min and rotor speed of 3100 rpm. The results revealed 
very similar flow fields throughout the pump with a slightly 
higher pressure rise, of 2%, for the water/glycerin mixture. 
As the flow within the pump is inertially driven, it seemed 
most important to match the test and blood density values.  
The blood’s increased viscosity had only a small, secondary 
impact on the pump’s performance and flow patterns.

The AVAD rotor responds automatically, moving axially, in 
response to the varying downstream pressure. This rotor move-
ment opens or closes the aperture in response to the changing 
downstream flow resistance. We conducted a study to evaluate 
the sensitivity in the pump’s hydraulic performance in response 
to the rotor axial position. The results from this study revealed 
relatively constant pump pressure rise over a wide range of 
rotor axial positions, from 0.015” to 0.089”. Then, as the aper-
ture closes, the pressure rise drops quickly as intended to shut 
off the flow should a sudden decrease in downstream pressure 
occur.

The results also indicate a low meridional speed through the 
impeller blades that brings unnecessary residence time and 
flow recirculation. A large blade height was included in the 
original design to help ensure meeting the desired hydraulic 
performance of the pump. An improvement can likely be real-
ized with investigation of a reduced primary impeller blade 
height, which would allow a smaller volume surrounding the 
primary impeller and decrease the residence time and extent 
of recirculating flows in this region. Both effects would likely 
improve the biocompatibility of the pump, as well as reduce 
power consumption. Determining the impact of a reduced pri-
mary blade height on the overall pump’s performance will be 
explored for the next generation AVAD design.

When reviewing the flows surrounding the secondary impel-
ler, we noticed recirculating flow patterns. Such recirculating 
flows indicate an excess of flow volume in this region. As 
mentioned earlier, the axial clearance for this initial AVAD 
design was intentionally oversized to provide sufficient room 
for rotor axial movement to ensure the pump's functionality. 
Therefore, we decided to explore the impact of reducing the 
secondary impeller clearance by 0.39” (1 mm). Reducing the 

axial clearance resulted in a 10% reduction in average resi-
dence time in the secondary impeller region. This change also 
reduced the static pressures near the center of the second-
ary impeller which reduced the upward forces on the rotor.  
The reduction in the axial stiffness, resulting from the second-
ary impeller pressure force, could be beneficial in providing 
more responsiveness and pulsatility in the pump’s operation. 
Both effects would be desirable, and this housing change has 
been included in the next generation AVAD design.

Limitations

One limitation of the current study is the limited resolu-
tion of the rotor axial position measurement. The optical 
method used indicated very small changes in the rotor axial 
position (± 0.003”) over the range of flow conditions studied. 
Incorporating a position sensor capable of resolving and pro-
viding a time-averaged axial rotor location would allow us to 
prescribe different axial positions for each flow/rotor speed 
condition. In addition, more accurate position sensing would 
support in-depth CFD studies focused on the AVAD’s perfor-
mance as the aperture closes.

Another limitation was that the CFD studies were all per-
formed under steady-state flow conditions. Under actual 
operation, the pressures, flow rate, and rotor axial position of 
the AVAD would be continuously varying. In addition, the left 
and right ventricular contractility and the associated interac-
tions with the AVAD would also be changing with time. The 
time scale related to the rotor spinning at 2300 to 3600 rpm 
(7e-05 to 4.6e-05 sec for 1° of rotation) is significantly smaller 
than the time scale associated with these pulsatile blood flow 
transient conditions (~1 sec). This, combined with the lack of 
precise information related to the rotor axial placement, makes 
transient solutions not practical for this initial study. To address 
this limitation, we elected to capture the variation in operating 
conditions and rotor axial position through a series of separate 
steady-state simulations. Our expectations are that the trends 
and insight gained from the steady-state simulations will be 
applicable to the actual, transient operation of the AVAD.

One other limitation is that we only evaluated the change 
in hydraulic performance with change in rotor axial position 
at one set of flow conditions (5 L/min, 3100 rpm). These con-
ditions were near the nominal rotor speed value for LVAD 
operation. Future work will evaluate the sensitivity of pump 
performance to rotor axial position over a broader range of 
blood flow rates and impeller speeds.

Conclusions

In summary, we conducted a CFD study that investigates the 
unique design aspects of the AVAD and further supports its func-
tionality as a biventricular assist device. By comparing in vitro 
pressure measurements throughout the pump, we demonstrated 
the validity of the AVAD CFD model over a wide range of oper-
ating conditions applicable to both left and right ventricular sup-
port. Through these simulations we showed the similarity and 
circumferential uniformity of the flow field within the primary 
impeller region needed for biventricular operation. The pres-
sure-regulated aperture, in combination with an offset volute, 
were the key features enabling such well-distributed flows over 
such a wide range of conditions. Having well-distributed flows 
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throughout the pump reduces the extent of undesired, second-
ary flow patterns that can lead to thrombus formation.

The CFD analyses were also used to better understand the 
operation and identify potential improvements to the initial AVAD 
design. The sensitivity in the pump’s hydraulic performance with 
varying aperture size, i.e., rotor axial position, was demonstrated. 
The hydraulic performance of the AVAD remained nearly con-
stant over a wide range of aperture sizes, then decreased quickly 
as the aperture started closing. This behavior is consistent with 
the shut-off capabilities of the pump. Several potential changes 
to further improve the hydrodynamic performance and biocom-
patibility of the AVAD included: (1) increasing the leading-edge 
curvature of the primary impeller blade to reduce tip-induced 
flow separation, (2) reducing the primary impeller blade height 
and clearance to increase the pump’s pressure responsiveness 
and reduce flow residence time, and (3) reducing the secondary 
impeller clearance to again increase the pump’s pressure respon-
sive and reduce flow residence time. The intent in reducing flow 
residence time is to minimize regions of recirculating flow that 
could lead to thrombus formation.

Overall, the CFD results supported prior studies demonstrating 
and helping to visualize the unique aspects of the AVAD. Future 
studies will build upon this work to aid in assessing the proposed 
design refinements of this innovative biventricular assist device.
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