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complications. Developing centrifugal blood pumps requires determination between
adequate pump performance while giving attention to possible occurrence of blood
clot and damage. This study utilized a proposed design concept of different impeller
angle geometry and evaluate its merits of adapting the concept from a perspective of
computational fluid dynamic (CFD) approach. Theoretically, two types of impeller
angle design feature were chosen for this study, the radial type 90° and backward
facing type (50° and 70°) impellers of the blood pump to provide data on both the flow
characteristics and pressure distribution of the blood pump (LVAD). Three model
variations were constructed from the design parameters for comparison with
experimental data. Shear Stress Transport (SST) turbulent model under steady state
analysis was used to simulate 3 impeller blade angles with initial boundary setup was
known for operating speed and flowrates. Evaluation involved assessing the model
variants based on several performance criteria. Ranked selection method was used to
rate and select the best performing model variation with a good compromise between
the pressure head produced and the percentage of hydraulic efficiency as output level
among the geometries. CFD results showed that impeller with blade outlet angle of
50° has the most efficient blood pump configuration among the three types of impeller

Keywords: blades. Pressure gradient drop for this impeller angle is the lowest compared with 90°
Left Ventricular Assist Device; Numerical and 70°. Ranking and selection of the model variants resulted in the backward facing
Simulation; Impeller blade angle; 50° impeller blade ranked as the best performing configuration that gives the good
Pressure; Efficiency compromise of pump performance setup.

1. Introduction

Ventricular assist device (VAD) is an implantable mechanical device which can partially or fully
replace the function of a ventricle of a failing heart [1]. Implantable mechanical blood pumps that
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assist the circulation of blood by one or both ventricles of the heart have evolved over several
decades. Typically blood flows from the left ventricle of the heart into the surgically implanted assist
device and pumped out into the aorta via an implanted conduit. The design of the mechanical pump
varies (pulsatile fill and pump designs similar to a normal heart and continuous flow rotary pumps).
Currently, long-term implantable left ventricular assist devices require an external source of power
and control module [2]. Development of blood pumps for adults with end stage heart failure has
correspondingly grown at a faster rate than in children. First generation ventricular assist devices
(VAD) came into application by adults in 1980s. The use of VAD in children began with the application
of adult devices in adolescents [3]. Computational fluid dynamics (CFD) shown impressive progress
in the past decade and has evolved into a promising design tool for the development of biomedical
devices. It also supports engineers in identifying recirculation areas and other regions with an
increased probability for blood clotting [4]. Blade angle is an important factor in determining an
excellent flow of blood through LVAD. Impeller geometries through different angle design gives
various flow characteristics within flow region of LVAD. Thus, affecting the pressure discharge of the
centrifugal blood pump at given rotational speed. Therefore, evaluation of effect of impeller blade
angle are the focus of this study. Computational Fluid Dynamics method is used to assess the effect
of the impeller design factor on the blood pump efficiency.

The heart is a midline and muscular pump, cone shaped approximately the size of a fist. The
inferior surface sits on the central tendon of the diaphragm, and the base faces posteriorly and lies
immediately anterior to the oesophagus and descending aorta [5-8]. The cardiac cycle is the process
of events that occur when the heart beats. Blood is circulated through pulmonary and systematic
circuits during. There are two phases of the cardiac cycle. In the diastole phase, the heart ventricles
are relaxed and the heart fills with blood. In the systole phase, the ventricles contract and pump
blood out of the heart and to arteries [9-11]. Cardiac system propels blood through the arteries and
veins as a function of ventricular contraction. Shortening of cardiac myocytes concentrically results
from ventricular motion of heart system due to blood flow [12,13]. Blood hemodynamics in vessels
can be represented through few governing equations. Darcy’s Law states that blood flow is a function
of pressure difference and resistance [14]. Despite numerous medical therapy availability, failure of
the cardiac and respiratory systems to provide adequate end organ perfusion and oxygenation often
results in the need for mechanical support, either as an adjunct to cardiopulmonary resuscitation or
as a bridge to heart transplantation [3,15]. Ventricular assist device (VAD) is an electromechanical
device for assisting cardiac circulation, used either to partially or to completely replace the function
of a failing heart [16-19]. The first use of mechanical circulatory support in open heart surgery was in
1953, surgical method used a cardiopulmonary bypass machine to repair atrial septal defect in female
patient [20]. There are mainly four types of Ventricular assist device (VAD) available regarding the
needs of implantation for the heart failure [4,21-23]. Computational Fluid dynamics based design
optimization techniques were used to optimize the blade geometries and the flow path to maximize
the hydrodynamic performance while minimizing the haemolysis rate [24]. CFD has been used to
study the flow fields in blood pumps to estimate pump performance and blood damage potential in
the design stages where it is used for comparison and selection of one pump over another [25,26].

2. Methodology
Methodology is a platform to determine the method used for the analysis and the steps needed

for data analysis. Computational modelling via CFD is implemented in predicting and evaluating the
effect of impeller outlet blade angle of the blood pump on the performance and efficiency. The
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performance criteria involved in this study are pressure head and efficiency which are presented as
indicators in evaluating the best configuration in term of overall performance.

The research flow chart visualizes the sequential process of methodologies leading to the solution
to obtain the best desired modification of blood pump configurations as illustrated in Figure 1.
Literature study was done to establish a thorough background on blood pumps used as left
ventricular assist device. Various sources were studied to determine the current progress of
published works and design concepts where the current study would be based from. Selected design
concept was constructed for numerical simulation and validated with comparable publications.
Analysis of model configurations involves evaluating performance criteria that was deemed
significant on blood pump hemodynamics. Lastly, selection of blood pumps configurations through a
ranked selection method to methodically establish the best model variant.

Literature
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| | Selection of Design | |

Concept of LVAD
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— CFD Flow Simulation for pump design
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Thesis Writing
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Fig. 1. Methodology Flow Chart

2.1 Governing Equation

In the present study, a comprehensive fluid flow model has been developed using commercial
CFD software, FLUENT 19 [4,27]. The salient features of the numerical fluid flow model include
temperature and concentration dependent thermo-physical properties such as density, specific heat,
thermal conductivity and viscosity. Appropriate model parameters available in FLUENT has been
chosen. The effect of normal gravity has also been included in the model. The mass, momentum and
species conservation equations are solved along with energy equation. The fundamental equation is
employed to describe the flow characteristics in the centrifugal pump, which include two main parts,
continuity equation and motion equation, corresponding with mass conservation law and
momentum conservation law [28,29].

ap | d(puy) _
et ax; 0 (1)
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Here, p is the density of water. t represents the time. u denotes the velocity. x is the Cartesian
coordinate, p is the pressure, W is the dynamic viscosity.

2.2 Boundary Conditions

Throughout the simulation, a constant angular speed imposed on the impeller rotating fluid
region is maintained at three different speed which are 2000 rpm, 3000 rpm, and 4000 rpm. The fluid
used in this study is a Newtonian fluid with density and viscosity similar to the characteristic of blood
in @ human body. Blood can be considered a Newtonian fluid in VAD calculations as the shear rates
found in blood pumps is higher than 100 s72, therefore the viscosity of blood is constant [30,31]. The
viscosity of the blood used was 0.035 with the density of 1060 kg/m3. The inlet pressure of 0 mmHg
is used for all models, which is representative of the pressure at the left ventricle during diastole.
Three flowrate of the blood pump was chosen within the range of 3-7 L/min, maximum and minimum
offset to the design operating speed of 5 L/min to obtain performance characteristics of the pump.
The shear stress turbulence (SST) model is selected for this study [4,31]. The SST model was
developed to effectively blend the robustness and accuracy of formulation of the k - w model in the
near-wall region with the freestream independence. The SST model is known to perform well in
estimating flow separation under adverse pressure gradient [32]. Table 1 shows the studied
geometries with boundary conditions applied.

Table 1
Studied impeller geometries with parameters
Impeller Profile Out Angle Profile (°) Operating Speed (RPM) Flow Rate (L/min)
3 90 2000 3,5,7
3000
4000
70 2000 3,5,7
3000
4000
50 2000 3,5,7
3000
4000

3. Results Analysis and Discussion

In this chapter, the overall performance for the studied blood pump is determined based on
performance criteria that will gauge the performance and effectiveness of each configuration of the
blood pump variations. The performance variables considered in this analysis are pressure head
curve (PQ curve), pump efficiency and prediction of blood damage based on pressure distribution
within flow region. Further evaluation of the model configurations was done using a scoring
evaluation method typically used for design product evaluation, consisting of screening and scoring
method.
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3.1 Model Validation

The present computational models are validated against the results reported by Kadir [29] that
used 46mm diameter and 5 blade impellers compared to present study that utilized a 44.8mm
diameter, 7 blade impeller adapted from the work of Hilton [33]. Comparisons are illustrated in Figure
2. The plot for current study for 2000 rpm is in between the experimental curve of 2000 rpm and
3000 rpm. This comparison was used due to similar impeller size despite the small change in diameter
and number of impeller blade, operating speed is one of the known parameters. Unknown
parameters generate unyielding proper results between experimental and simulation data.
Therefore, graph plots are used for comparison to find similarity in pressure drop within the studied
flowrate (3-7 L/min) which are shown in Table 2.
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Fig. 2. Comparison of pressure head generated of current study
with both numerical and experimental results [34]

Table 2

Pressure head gradient between present study and experimental results [34]
Results Pressure Head Gradient [mmHg/(L/min)]
3000 rpm - experimental 5.397

2500 rpm - experimental 4.280

Present Study backward facing (50°) 2000 rpom  4.998

2000 rpm - experimental 4.189

3.2 Grid Independence Test

Total of five meshing set up were used to tabulate convergence of the simulation. Pressure head
values were observed with different number of elements produced until point of convergence is
reached. Table 3 shows the grid independence test data before point convergence is met. Figure 3
illustrates the meshing convergence graph. Skewness is observed as the measure of mesh quality
with calculated relative error.
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Table 3
Grid Independence Test
Element Size (mm) Skewness Element Number Pressure Head Relative Error (%)
0.1 0.8379 13711822 192.43 60.3
0.225 0.7999 12889361 157.12 30.93
0.3 0.7988 7565549 153.42 27.5
0.5 0.7999 3848174 147.99 23.33
0.9 0.8054 3014967 132.57 10.48
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Fig. 3. Mesh Convergence graph

3.3 Blood Pump Performance Evaluation
3.3.1 Impeller flow characteristics

Velocity increases from the impeller inlet, then reaching peak value upon exiting the impeller
blade. However, velocity begins to drop as the flow continues through volute region, reaching lowest
velocity which can be seen at the volute walls as the flow passes the discharge passage. The velocity
drop linearly corresponds to pressure rise as the fluid exit the pump. Comparing the velocity contour
of both the simulated geometries, radial (90°) impeller blade have a higher velocity profile
surrounding the impeller region whereas backward facing (50°) and (70°) impeller blade shows peak
velocity near blade faces and tip. Table 4 illustrates the contour plot for three impeller angles
geometries for velocity distribution at all operating speed prior to 5 L/min flowrate.

Pressure at the impeller and volute were unevenly distributed across different flowrate.
Maximum pressure was located at the volute walls and near the outlet flow region while the pressure
is lowest near the back of impeller blades and inlet region. Lower values in pressure in these regions
were caused due to high velocity dissipation by the impeller. Table 5 depicts the pressure contour
distribution for model geometries, where radial (90°) have slightly higher pressure distribution prior
to velocity flow compared to backward (50°) impeller blades at 5L/min flowrate for all operating
speed.
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Table 4
Velocity contour plot for all operating conditions
Angle 5L/min flowrate at all operating speed
2000 rpm 3000 rpm 4000 rpm
50° ‘- AN =
70°
90°
Table 5
Pressure contour plot for all operating conditions
Angle 5L/min flowrate at all operating speed
2000 rpm 3000 rpm 4000 rpm
500 | .
70°
90°

3.3.2 Pressure head performance

Computational data shows that radial (90°) impeller geometry produces 181mmHg, greater than
the backward facing (50° and 70°) impeller blades. The model of 50° impeller blades shows drop in
generated pressure head. Radial blades show a higher value in pressure head due to the increased
angular velocity around the impeller flow region which results in higher pressure distribution inside
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the blood pump (LVAD). Figure 4 shows the graphical tabulation between pressure head and impeller
blade angle.
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Fig. 4. Pressure head at target flowrate at 2000 rpm, 5 L/min
for all geometries

Figure 5 illustrates the PQ curve for the varying operating speed, showing the pressure head
behavior with increasing flowrate for each model configurations. The general behavior of the
pressure head for all the model configurations such that pressure head decreases with increasing
flowrate, an expected behavior for centrifugal pumps, was observed throughout all operating speeds.
Pressure head value increase with increasing impeller speed, from 2000 to 4000 rpm with increase
in magnitude factor. Observation from the figure, showed that all of the model configurations follow
a similar pressure head trend.
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Fig. 5. PQ Curve for all geometry under all boundary condition

The steepness of this curve affects the pressure head of the blood pump. Flatter curve is desirable
as pressure head is less sensitive to the changes in flowrate. The overall pressure head gradient for
each model geometry is summarized in Figure 6. From the figure it can be observed that radial facing
(90°) impeller exhibit a flatter curve with least pressure gradient value compare to backward facing
(50°) and (70°) impeller blade.
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3.3.3 Pump efficiency
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Data on torque was gathered before proceeding with efficiency calculations through numerical
data. Rotating impeller geometry in this study as mentioned earlier were subjected to torque
generation. From the data gathered, increase in rotational speed results in better torque generation.
At comparable flowrate, the hydraulic efficiency is observed to drop with each increasing operating
speed observed for all geometry configurations. The trend of efficiency increases as the flowrate
increases slight and gradually. Figure 7 illustrate the efficiency plot for the studied operating

conditions of the blood pump.
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This small increase in trend value indicates that the trend is reaching the best efficiency point
(BEP) for each operating speed. The highest peak the trend reaches before dropping in value of
efficiency prior to flowrate gradient is considered as the best efficiency point of a pump curve.
Therefore, best efficiency point is not observed in this study due to insufficient pressure drop in the
efficiency vs flow rate gradient. The efficiency peak for all the operating speed of all the impeller is
probably above 7 L /min, beyond the range of study.
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3.3.4 Ranked selection of geometry configuration

From the results of various aspects of performance criteria of the blood pump model
configurations, a selection method was utilized to evaluate and select the optimum configuration. By
using the performance parameters as the design criterion, the model configurations were analysed
into scoring stage. The scoring process involves all numerical outputs multiplied to a fraction based
on weightage scale where it is determined in Table 6 based on the selected criterion. The superior
model configuration would be the model with the smallest net value from all parameters.

Table 6

Weightage value given to result output of model configurations
Parameter Weightage (%)

Pressure head at design point 40

Pump efficiency at design point 50

Pressure Head Gradient 10

The numerical value of each parameter was multiplied to a predetermined fraction of 100 percent
to reflect which parameters were important to the working of a mechanical blood pump. As tabulated
in Table 7, efficiency of a blood pump configuration was considered as very important, this is
reflected at 50 percent and pressure discharge at the outlet is second important parameter carrying
40 percent weightage. Pressure head gradient carries least amount of weightage 10 percent from the
overall weightage.

Table 7

Final score and ranking of geometry

Model Phead Rank Weightage Efficiency, Rank Weightage Pgustent Rank Weightage  Overall  Final
Geometry (40%) n (50%) (10%) Sum Rank
Radial 181.00 1 7.24 10.1 2 0.505 9.498 3 0.091 7.863 3
(90°)

Backward  151.36 2 6.054 9.2 3 0.460 5.077 2 0.051 6.565 2
(70°)

Backward 14099 3 5.640 10.8 1 0.540 4.998 1 0.050 6.230 1
(50°)

The final value of each model geometry configuration was ranked and final overall score is shown
in Table 7. Among these models, radial (90°) impeller type scored the worse with overall marks at
7.836 compared to (70°) impeller blade with a score of 6.565. In comparison among the impeller
types, the best overall score was observed with (50°) with a score of 6.230. The value of calculated
scoring system is slightly outside the range of experimental data done in previous study. Comparison
data between simulated data (present study) does not meet the experimental data range (5.00 —
6.00) in overall score due to some setup problems. However, (50°) impeller angle blade shows have
a tolerance of 0.230 which depicts good performance evaluation. Accuracy in scoring criteria can be
reduced by further enhancement to the model geometry.

3.4 Discussion
Throughout this study, one selected geometric feature of the blood pump model was studied to
evaluate the overall performance and operation of the device. This geometric parameter selected

was the impeller outlet blade angle. Three impeller outlet angles were tested via numerical
simulation and data tabulated. Rotating element of the centrifugal pump, impeller is a detachable
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element inside the blood pump to produce desired fluid discharge rate. Blade outlet angle, defined
as the curved region at the tip of the impeller blade, curved in this case depicts the angle value at the
exit of the impeller blade.

3.4.1 Effect of impeller angle blade on pressure distribution

From the generated numerical data, pressure increases with the rotational speed of the impeller
but decreases across the flowrate gradient. This is due to pressure is inversely proportional to velocity
which was illustrated in PQ curve. Higher velocity at impeller flow region leads to pressure drop in
impeller region, resulting higher pressure discharge at volute region. Pressure at outlet is related to
the velocity discharge at outlet, where pressure raise as velocity drop across a region. Straight radial
impeller blades (90°) produce higher velocity flow region as the velocity profile observed at the blade
tip, inlet and exit are comparably higher among studied design geometry, where in backward facing
impeller blades (50° and 70°) velocity were subjected at relatively smaller region of the impeller blade
due to curvature which affects the velocity reading.

3.4.2 Effect of blade angle on efficiency

Efficiency of centrifugal flow blood pump is another studied criterion in this case. In this study,
the most efficient pump geometry is the backward facing (50°) impeller. Efficiency shown through
the analyses of numerical data depicts that efficiency increases across the three flow rates with
decreasing impeller speed. From the plotted data, efficiency curve illustrates that 2000rpm rotational
speed produced the highest efficiency prior to its torque generation. Backward facing (50°) produces
the highest efficiency leading at 2000 rpm rotational speed subjected to 5L/min flow rate,
theoretically minimum requirements needed to operate a blood pump. Data of computational
method revealed that curvature of backward facing blades being subjected to velocity profile have
lower velocity activity, thus increasing the overall pressure distribution which enhance efficiency of
pump with impeller rotational speed and discharge of pressure of the fluid (blood) as output of the

pump.
4. Conclusion

This research was conducted to evaluate a design concept for a left ventricular assist device
through the use computational fluid dynamic approach. Analysis was carried out to assess the effects
of the parameter on the potential pressure distribution and pump performance in terms of efficiency.
Selection method was used to further determine the superior configuration with a good compromise
between the key performances. Evaluation of the blood pump concept via numerical approach
proved beneficial to provide understanding of the effect of each geometric variations of the model
on the overall performance thus achieving the objective of this study in evaluating pump flow
characteristics and efficiency. The ranking method was applied determining the highest performing
model configuration to function as a blood pump. The backward facing (50°) impeller blade scored
as the best performing configuration that gives the good compromise of pump performance and
discharge of blood, achieved the last objective of the study case.
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