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Abstract: To accurately assess the hemolysis risk of the ventricular assist device, this paper proposed
a cell destruction model and the corresponding evaluation parameters based on multiphase flow.
The single-phase flow and multiphase flow in two patient-specific total cavopulmonary connection
structures assisted by a rotationally symmetric blood pump (pump-TCPC) were simulated. Then,
single-phase and multiphase cell destruction models were used to evaluate the hemolysis risk. The
results of both cell destruction models indicated that the hemolysis risk in the straight pump-TCPC
model was lower than that in the curved pump-TCPC model. However, the average and maximum
values of the multiphase flow blood damage index (mBDI) were smaller than those of the single-
phase flow blood damage index (BDI), but the average and maximum values of the multiphase flow
particle residence time (mPRT) were larger than those of the single-phase flow particle residence time
(PRT). This study proved that the multiphase flow method can be used to simulate the mechanical
behavior of red blood cells (RBCs) and white blood cells (WBCs) in a complex flow field and the
multiphase flow cell destruction model had smaller estimates of the impact shear stress.

Keywords: axial blood pump; computational fluid dynamics; hemolysis risk; multiphase flow; total
cavopulmonary connection

1. Introduction

Single ventricular physiology is one of the most severe forms of congenital heart
disease. The symmetrical structure of the heart is destroyed, and patients need to be
treated immediately after birth. As the final step of three-stage palliative surgery, Fontan
surgery directly connects the superior vena cava (SVC) and inferior vena cava (IVC) to
the pulmonary artery to form a total cavopulmonary connection (TCPC) physiological
structure. After surgery, the essential pumping power for both systemic and pulmonary
circulation is provided by a single ventricle, and the burden of that ventricle increases with
the patient’s age. Approximately 40% of patients will suffer from early heart failure [1],
and the survival rate of patients after 5 years is approximately 50% [2].

The cavopulmonary assist devices for Fontan circulation can provide patients with
stable and effective biventricular blood flow, which contributes to early surgical repair
and the treatment of long-term complications [3]. Among them, the axial blood pump is
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a well-developed cavopulmonary assist device [4,5]. Bhavsar et al. designed a magnetic
suspension axial blood pump, which was placed in the IVC of TCPC to promote blood
flow into the lungs and increase cardiac output [6]. Jagani et al. proposed a symmetrical
dual-propeller pump to produce pressure rise in SVC and IVC, and prevent blood from
crossing into the opposite vena cava [7].

Generally, axial blood pumps work at high rotating speeds. The RBCs aggregate
after being exposed to the high-shear flow field, and the viscosity changes [8]. However,
many researchers ignored this phenomenon when assessing the hemolysis risk in blood
pumps. They considered the blood as a single-phase Newtonian fluid and used the material
properties of the whole blood for simulation, which caused errors in assessing the hemolysis
risk [9–11]. A few studies focused on the changes in blood viscosity. Bhavsar et al. [6]
studied simulations using different whole blood viscosities and found that high-viscosity
blood affected the pressure output and hemolysis risk. Besides, some scholars used non-
Newtonian fluid models to characterize changes in blood viscosity due to shear strain
rate. Mohammed et al. [12] compared two models for non-Newtonian blood flow to the
Newtonian model in the study of the positive displacement left ventricular assist device
(LVAD). The results showed that turbulence kinetic energy was generally predicted to be
higher in non-Newtonian flow than that observed in Newtonian flow. In a study of axial
flow LVAD, Kannojiya et al. used Newtonian fluid and non-Newtonian fluid to simulate
blood flow, and found that the differences in flow rate and shear stress were 2.33% and
1.66% respectively [13]. The above studies considered the change of blood viscosity, but still
cannot accurately simulate the viscosity change of RBCs. It is a more advanced research
taking RBC aggregation into account and calculating the shear rate and viscosity of RBCs
when evaluating hemolysis risk. Quemada et al. [14] provided the relationship between
viscosity and shear rate of RBCs.

The widely used single-phase flow simulation cannot simulate the mechanical behav-
ior of RBCs. In recent studies, multiphase flow theory has been applied in more fields of
hemodynamics [15–18]. Jung et al. [8] used Euler–Euler method to simulate the multiphase
flow of blood cells (red blood cells, white blood cells and platelets) and plasma and ana-
lyzed the mechanical behavior of blood cells. In the Euler-Euler approach, the different
phases of blood are treated as interpenetrating continua and the concept of phasic volume
fraction is introduced. These volume fractions are assumed to be continuous functions of
space and time and their sum is equal to one [19]. In single-phase flow simulation, RBCs are
assumed to be evenly and symmetrically distributed in the blood, and the aggregation of
RBCs in high-shear flow field cannot be simulated. However, this asymmetric distribution
can be reflected by volume fraction of RBCs in multiphase flow simulation. This study
used Euler–Euler method and Quemada model to perform multiphase flow simulation.
Furthermore, the single-phase flow cell destruction model does not consider the effect
of viscosity on the stress of RBCs. We improved this cell destruction model to obtain a
multiphase flow cell destruction model, which considers the RBC viscosity and calculates
the hemolysis risk based on the accumulation of shear stress on the RBCs. Simultaneously,
we proposed new parameters to assess the hemolysis risk: multiphase flow blood damage
index (mBDI) and multiphase flow particle residence time (mPRT).

To confirm the feasibility and superiority of multiphase flow simulation and mul-
tiphase flow cell destruction model, we applied the single-phase flow and multiphase
flow models to simulate the blood flow in the patient-specific TCPC structures assisted
by a blood pump, applied two cell destruction models to assess the hemolysis risk, and
compared the evaluation results. The outline of this paper is as follows: in Section 2, we
introduced the virtual implantation of axial blood pump, mesh generation of geometric
models and CFD settings of cases. Besides, theories of two cell destruction models were
illustrated in detail. In Section 3, the hemolysis risk of two pump-TCPC models obtained
by single-phase flow and multiphase flow cell destruction model were compared. Fur-
ther discussion of these results was presented in Section 4. Subsequently, the normalized
concentrations of blood cells were shown to verify the feasibility of the multiphase flow
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simulation and the choice of turbulence models was discussed. Finally, conclusions were
drawn in Section 5.

This article innovatively applied multiphase flow theory to the study of hemolysis in
blood pumps. The hemolysis was modeled at the cellular level as well as an advanced cell
destruction model was proposed.

2. Materials and Methods
2.1. Acquisition of Patient-Specific TCPC Models and Virtual Implantation of Axial Blood Pump

The axial blood pump designed by our group has been proven to serve as a long-term
mechanical assistant with a low risk of blood trauma [20]. This pump consists of the
protective housing, inducer, impeller, diffuser and straightener as shown in Figure 1. All
parts of the blood pump are designed as rotationally symmetric structure to ensure stable
and continuous output.
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Figure 1. Structure of the axial blood pump. 
Figure 1. Structure of the axial blood pump.

The straight TCPC model with bilateral SVC was extracted from a 13-year-old female
patient, and the curved TCPC model with an extracardiac conduit was extracted from a
14-year-old male patient. First, the Siemens Dual Source CT Scanner (Siemens Healthineers
AG, Erlangen, Germany) was used to collect the original DICOM data of two patient-
specific TCPC physiological structures. Next, three-dimensional reconstruction of the
DICOM data was performed in Mimics 17.0 (Materialise NV Corporation, Gent, Belgium).
Then, in Geomagic studio 13.0 (Raindrop Corporation, Ashland, OH, USA), the geometric
model was divided into the superior vena cava-pulmonary artery part and inferior vena
cava-hepatic vein part according to the implantation position of the axial blood pump.
Finally, the two parts and axial blood pump model were assembled in SolidWorks 2015
(SolidWorks Corporation, Concord, MA, USA) to produce the straight and curved pump-
TCPC models. Two TCPC models and two pump-TCPC models are shown in Figure 2.
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pulmonary artery; HV1, HV2 and HV3, three hepatic veins.

2.2. Governing Equations

Our previous study discussed in detail the simulation of single-phase flow in the
blood pump [20]. Continuity equation in the multiphase flow simulation is shown in
Equation (1) [8]:

∂(ρkεk)

∂t
+∇·

(
ρkεk

→
vk

)
= 0 (1)

where k represents three different phases (plasma, RBCs and WBCs), ρ is density, ε is volume
fraction, v is velocity. The volume fraction of three phases satisfies the following equation:

∑3
k=1 εk = 1 (2)

The momentum equation in the multiphase flow simulation is as follows [8]:

∂
(

ρkεk
→
vk

)
∂t

+∇·
(

ρkεk
→
vk
→
vk

)
= −εk∇p +∇·=τk + ∑ i, k = l, m, n

i 6= k

CDik

(→
vi −

→
vk

)
(3)

where p is the pressure, CDik represents the drag coefficient, which indicates the interaction
between blood cells and plasma. The Gidaspow model and Schiller–Naumann model
are used to simulate the interaction between RBCs and plasma and WBCs and plasma,
respectively, as shown in Equations (4) and (5). Re is the Reynolds number.

=
τ is the stress

tensor of each component, and the stress tensors of plasma and blood cells are defined by
Equations (6) and (7). δ is the Kronecker delta, µ is the viscosity, I is a unit tensor. κ is the
viscosity of whole blood, as shown in Equation (8).

CD = ε−1.65max
(

24
Re

(
1 + 0.15Re0.687

)
, 0.44

)
(4)

CD = max
(

24
Re

(
1 + 0.15Re0.687

)
, 0.44

)
(5)

=
τ = εµ

(
∇→v +

(
∇→v

)T
)
+ ε

(
κ − 2

3
µ

)
∇·→v I (6)
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=
τ = −pδ + εµ

(
∇→v +

(
∇→v

)T
)
+ ε

(
κ − 2

3
µ

)
∇·→v I (7)

κ = ∑3
k=1 εkµk (8)

2.3. Mesh Generation

ANSYS-ICEM (ANSYS Incorporated, Canonsburg, PA, USA) was used to generate
structured hexahedral elements for the pump model and tetrahedral triangular prism
element for the TCPC analyses. A mesh sensitivity analysis was performed to determine
the minimum number of cell elements enabling numerical convergence. Six mesh sizes
with maximum element size being 1.4 mm, 1.2 mm, 1.0 mm, 0.8 mm, 0.7 mm and 0.6 mm
were tested for pump model and seven mesh sizes with maximum element size being
1.4 mm, 1.2 mm, 1.0 mm, 0.8 mm, 0.7 mm, 0.6 mm and 0.5 mm were tested for TCPC model.
Energy rise of the blood flow through the pump (Equation (9)) and energy loss through
straight TCPC model (Equation (10)) were used as comparison indicators respectively.
Results showed that the differences in energy rise (loss) between last two mesh sizes were
below 2%. The maximum element sizes of pump and TCPC were set to 0.7 mm and 0.6 mm
finally, and element counts of the axial blood pump, straight TCPC and curved TCPC
models are listed in Table 1.

Egain = Eoutlet − Einlet =

(
poutlet +

1
2

ρv2
outlet

)
Qoutlet −

(
pinlet +

1
2

ρv2
inlet

)
Qinlet (9)

Eloss = Einlet − Eoutlet = ∑inlet

(
pinlet +

1
2

ρv2
inlet

)
Qintlet −∑outlet

(
poutlet +

1
2

ρv2
outlet

)
Qoutlet (10)

where p is the pressure, v is the velocity, ρ is the density and Q is the flow rate.

Table 1. Number of elements of the numerical models.

Models Element Counts

Axial blood pump model 1383583
Straight pump-TCPC model 2793757
Curved pump-TCPC model 2948813

2.4. Boundary Conditions

The flow rate and pressure waveforms were obtained from clinical measurements
of the 14-year-old male patient. All simulations used these waveforms as the boundary
conditions. The inlet mass flow rate boundary conditions were specified at the SVC and
IVC, as shown in Figure 3a. The blood flow distribution between LSVC and RSVC was
set to 40%:60% in the straight pump-TCPC model [21]. To capture all possible reversed
flows, three hepatic veins and the left and right pulmonary arteries were given the open
boundary condition with the static pressure, as shown in Figure 3b.

We adopted the no-slip boundary condition on the blood vessel walls and outer
protective housing of the pump to ensure that the fluid velocity declined to zero as expected.
In addition, all walls in the model were modeled as rigid. The impeller domain of the
blood pump was set as the clockwise rotation region with a speed of 4000 RPM, while
other domains were stationary. The frozen rotor interfaces coupled the impeller domain
with other parts through the general grid interface (GGI) method [22].
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2.5. Material Properties of the Blood Components

In the single-phase flow simulation, the whole blood was considered as a single-phase
Newtonian fluid. In the multiphase flow simulation, blood was modeled as a multiphase
mixture composed of plasma, RBCs and WBCs. Plasma was considered as the pure fluid,
and RBCs and WBCs were modeled by solid spherical particles with the diameters of
7.2 µm and 11 µm. In addition, the viscosity of RBCs in the multiphase flow simulation
was expressed by Quemada model as [17]:

µrbc =

µp

(
1− 0.5rrbc

(
k∞ + k0−k∞

1+(
.
γ/

.
γc)

q

))−2
− µprp

rrbc
(11)

where µrbc is the viscosity of RBCs; rp and rrbc are the volume fractions of plasma and RBCs;
.
γ is the shear strain rate of RBCs; k0 and k∞ are the intrinsic viscosities for

.
γ→ 0 and

.
γ→ ∞;

.
γc is the critical shear strain rate; µp is the viscosity of plasma. The values of pa-

rameters in Quemada model were obtained from van Weert et al. and listed in Table 2 [23].
The material properties in two simulations are shown in Table 3 [24,25].

Table 2. Parameters of Quemada viscosity model [23].

Parameter Value

k∞ 1
k0 55r0.7

rbce−6rrbc + 1.9
.
γc 1.65(rrbc + 0.05)−0.3

q 0.5

Table 3. Material properties of the blood components [24,25].

Single-Phase Flow Simulation Multiphase Flow Simulation

Whole Blood RBCs WBCs Plasma

Density (Kg/m3) 1060 1090 1040 1030
Dynamic viscosity (Pa·s) 0.0035 µrbc

1 0.00385 0.0011
Specific heat capacity (kJ/kg/K) 3.594 3.22 3.22 3.93

Volume fractions (%) 100 45 0.5 54.5
1 µrbc is the viscosity of RBCs calculated by Quemada model.
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2.6. Solver Settings

ANSYS-CFX 15.0 (ANSYS Incorporated, Canonsburg, PA, USA) based on finite volume
method [26] was utilized to simulate hemodynamics of two pump-TCPC models. Rotation
speed of pump was 4000 rpm and Reynolds number reached 11,000 in each simulation.
To model turbulent flow conditions, CFD solver with Reynolds averaged Navier Stokes
(RANS) method was used to solve the equations for conservation of mass and momentum.
We selected standard k-ε turbulence model to ensure equation closure due to the reliability
of this model demonstrated by several researchers [27,28]. The second order backward
Euler scheme [26] was used for temporal discretization, and timestep was set to 0.0005 s.
Two cardiac cycles, corresponding to the calculation time of 1.6 s, were simulated to
eliminate the initialization effect. The simulation results of the second cardiac cycle were
exported for discussion. A convergence criterion of 10−4 was applied in this study.

2.7. Single-Phase Flow Cell Destruction Model

Damaged RBCs release hemoglobin into the plasma when hemolysis occurs. Due
to the selectivity of the cell membrane, hemoglobin cannot penetrate RBCs. Therefore,
the content of hemoglobin in plasma can be used as an evaluation index of cell damage.
Previous studies have found that the hemoglobin concentration in plasma is related to the
impact shear stress and exposure time of RBCs under the stress. Bludszuweit et al. [29,30]
calculated the scalar stress based on the comparative stress theory, as shown in Equation (12):

σ =

(
1
6 ∑

(
σii − σjj

)2
+ ∑ σ2

ij

)1/2
(12)

where σ is the scalar stress, σij represents the component of stress tensor. Giersiepen et al. [31]
proposed the exponential relationship among impact shear stress, exposure time and
relative change in plasma hemoglobin concentration as shown in Equation (13):

dHb/Hb = C · σα · Tβ (13)

where Hb is the plasma hemoglobin concentration, dHb is the change in plasma hemoglobin
concentration due to blood cell damage, σ denotes the scalar stress, T signifies the exposure
time and C, α, and β are constants (1.8 × 10−6, 1991 and 0.765, respectively) [32].

The degree of destruction of RBCs can be estimated by integrating Equation (13) along
streamlines in the blood pump. The dimensionless blood damage index (BDI) is shown in
Equation (14):

BDI =
∫ outlet

inlet
1.8× 10−6 · σ1.991 · dT0.765 = ∑outlet

inlet 1.8× 10−6 · σ1.991 · ∆T0.765 (14)

According to the related research of cell destruction in a vane pump [6,33], the blood
damage index (BDI) and particle residence time (PRT) could be used to assess the hemolysis
risk, and the threshold for cell destruction was set to BDI = 2% and PRT = 0.6 s [34].

2.8. Multiphase Flow Cell Destruction Model

To obtain the multiphase flow cell destruction model, we improved the single-phase
flow cell destruction model in two aspects: definition of the scalar stress and relationship
between the change in plasma hemoglobin concentration, the scalar stress and exposure
time. Blackshear et al. [35] conducted a hemolysis experiment and proposed the relationship
between shear stress, exposure time and hemolysis risk, as shown in Equation (15):

τ2 · T = C1 (15)

where τ is the shear stress, T denotes the exposure time and C1 signifies a constant of
proportionality. Heuser et al. [36] also proposed the relationship among the relative change
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in plasma hemoglobin concentration, shear stress and exposure time through hemolysis
experiments, as shown in Equation (16):

dHb/Hb ∝
(

τ2 · T
)

(16)

Based on Equations (13), (15) and (16), we proposed a new relationship among the
change in plasma hemoglobin concentration, scalar shear stress on RBCs, and exposure
time in Equation (17):

dHb/Hb = C2 · (τrbc
2 · T)α

= C2 · τrbc
2α · Tα (17)

where α follows the experimental results of Mitamura et al. [32] and is set to 0.765. After a
series of simulations, the amplification factor C2 is set to 1× 10−6, so that the blood damage
index calculated by Equation (17) is consistent with that calculated by the single-phase flow
cell destruction model. Therefore, the risk threshold of the new cell destruction model can
be set to 2%. The dimensionless multiphase flow blood damage index (mBDI) is expressed
by Equation (18):

mBDI =
∫ outlet

inlet
1× 10−6 · τ1.53

rbc · dT0.765 = ∑outlet
inlet 1× 10−6 · µrbc

1.53 · .
γrbc

1.53 · ∆T0.765 (18)

where µrbc is the viscosity of RBCs calculated by Quemada model, T is the exposure time,
and

.
γrbc is the scalar shear strain rate of RBCs, expressed by Equation (19) [26]:

.
γrbc =

[
2

{(
∂Ux

∂x

)2
+

(
∂Uy

∂y

)2

+

(
∂Uz

∂z

)2
}
+

(
∂Ux

∂y
+

∂Uy

∂x

)2

+

(
∂Ux

∂z
+

∂Uz

∂x

)2
+

(
∂Uy

∂z
+

∂Uz

∂y

)2
]1/2

(19)

where Ux, Uy and Uz represent the velocity components in each coordinate direction.
Corresponding to PRT, in the multiphase flow cell destruction model, we proposed the

multiphase flow particle residence time (mPRT) to represent the time that a particle travels
from the inlet to the outlet. Both mPRT and PRT represent the same physical quantities, so
the threshold of mPRT is set to 0.6 s, which is equal to that of PRT.

3. Results

Two cell destruction models were applied to evaluate the hemolysis risk in the entire
pump-TCPC model. At 0.2 s, 0.35 s, 0.6 s, and 0.8 s of the second cardiac cycle (which
correspond to the maximum acceleration instant, maximum speed instant, maximum decel-
eration instant, and minimum speed instant of the IVC boundary condition), 300 particles
were released at the IVC inlet of the straight and curved pump-TCPC models. Then, the
BDI, PRT, mBDI and mPRT of each particle were calculated.

The distributions of particle BDI in the straight and curved pump-TCPC models are
shown in Figure 4, and the average and maximum values of BDI and PRT of 300 particles
are shown in Table 4. All average values of BDI are smaller than 2%, and most average
values of PRT are smaller than 0.6. Only when at 0.8 s, is the average PRT in the curved
model larger than 0.6. Hence, the hemolysis risk is low in both straight model and curved
model when the axial pump is rotating.

The hemolysis risks in two pump-TCPC models were compared based on the follow-
ing criteria: smaller BDI and PRT values represent lower hemolysis risk and higher clinical
value. First, for the average BDI parameter, the straight model is superior to the curved
model at the first three moments, while the curved model is superior at the last moment.
Next, for the maximum BDI parameter, the straight model is inferior at all moments, but
Figure 4 shows that this phenomenon is caused by a very small number of particles. Third,
for the average PRT parameter, the straight model is superior at all moments. Fourth, for
the maximum PRT parameter, the curved model is superior at 0.2 s and 0.35 s, while the
straight model is superior at 0.6 s and 0.8 s. Based on the comprehensive analysis of four



Symmetry 2021, 13, 912 9 of 15

parameters, we can conclude that the hemolysis risk is lower in the straight model under
single-phase flow simulation.

The distributions of particle mBDI in the straight and curved pump-TCPC models are
shown in Figure 5. The average and maximum values of the mBDI and mPRT are shown in
Table 5. All average values of mPRT are greater than 0.6, and all average and maximum val-
ues of mBDI are smaller than 2%. Although the average residence time of particles exceeds
the threshold, RBCs are less damaged outside the blood pump. Therefore, the hemolysis
risks are low in both straight model and curved model under the multiphase simulation.
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Figure 4. Distributions of particle BDI in the straight and curved pump-TCPC models at different moments (a–d: distribu-
tions of particle BDI at 0.2 s, 0.35 s, 0.6 s, and 0.8 s).

Table 4. Assessment parameters of hemolysis risk in straight and curved pump-TCPC models under the single-phase
flow simulation.

Time
Average PRT (s) Maximum PRT (s) Average BDI (100%) Maximum BDI (100%)

Straight Curved Straight Curved Straight Curved Straight Curved

0.2 s 0.41 0.53 1.64 1.07 0.24 0.25 0.82 0.64
0.35 s 0.34 0.42 2.20 1.25 0.22 0.26 0.77 0.71
0.6 s 0.38 0.58 1.07 1.61 0.24 0.29 0.71 0.65
0.8 s 0.52 0.77 1.24 1.45 0.28 0.25 0.76 0.67

Table 5. Assessment parameters for the hemolysis risk in straight and curved pump-TCPC models under multiphase
flow simulation.

Time
Average mPRT (s) Maximum mPRT (s) Average mBDI (100%) Maximum mBDI (100%)

Straight Curved Straight Curved Straight Curved Straight Curved

0.2 s 0.74 1.04 2.63 2.68 0.21 0.23 0.54 0.61
0.35 s 0.75 0.80 4.04 1.78 0.21 0.23 0.53 0.50
0.6 s 0.81 1.02 5.23 2.39 0.22 0.25 0.48 0.64
0.8 s 1.01 1.41 4.15 3.94 0.23 0.23 0.48 0.57
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Figure 5. Distribution of particle mBDI in the straight and curved pump-TCPC models at different moments (a–d:
distributions of particle mBDI at 0.2 s, 0.35 s, 0.6 s, and 0.8 s).

Similarly, we compared the hemolysis risk in straight and curved models. First, for
the average and maximum mBDI parameters, the straight model is superior to the curved
model in most cases. There are only two counter examples. At 0.8 s, the average mBDI
values in the straight and curved models are identical. At 0.35 s, the straight model is
inferior to the curved model on the maximum mBDI parameter, and Figure 5b shows that
this phenomenon is caused by a very small number of particles. Second, for the average
mPRT parameter, the straight model is superior to the curved model, but for the maximum
mPRT parameter, the straight model is inferior to the curved model, which reflects the
complexity of the flow field in the multiphase flow simulation. Through the analysis of
the four indicators, we can also conclude that the hemolysis risk in the straight model is
smaller under the multiphase flow simulation.

Moreover, Figures 4 and 5 show that the distributions of BDI in the straight and
curved models are concentrated at approximately 0.3%, while the distributions of mBDI
are concentrated at approximately 0.25%.

4. Discussion

Comparisons between mBDI and BDI and between mPRT and PRT are shown in
Tables 6 and 7. We know that the assessment of hemolysis risk changes after considering
the viscosity change of RBCs. As shown in Table 6, all average mBDI and maximum
mBDI values are smaller than the corresponding average BDI and maximum BDI, and
the maximum relative change rates of the average and maximum values are 17.8% and
36.8%. Table 7 shows that all average mPRT and maximum mPRT values are larger than
the corresponding average PRT and maximum PRT, and the maximum relative change
rates of the average and maximum values are 120.6% and 388.8%. In other words, the
residence time of cells are longer in the multiphase flow simulation, but fewer cells are
damaged. The blood damage index was calculated by integrating the impact shear stress
and exposure time along the streamlines. Therefore, the estimates of impact shear stress
are smaller in multiphase simulations.
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Table 6. Comparison between BDI and mBDI.

Time

Straight Pump-TCPC Model Curved Pump-TCPC Model

Average Value
(%) Rcr*

(%)

Maximum Value
(%) Rcr*

(%)

Average Value
(%) Rcr*

(%)

Maximum Value
(%) Rcr*

(%)
BDI mBDI BDI mBDI BDI mBDI BDI mBDI

0.2 s 0.24 0.21 12.5 0.82 0.54 34.1 0.25 0.23 8 0.64 0.61 4.7
0.35 s 0.22 0.21 4.5 0.77 0.53 31.2 0.26 0.23 11.5 0.71 0.50 29.6
0.6 s 0.24 0.22 8.3 0.71 0.48 32.4 0.29 0.25 13.8 0.65 0.64 1.5
0.8 s 0.28 0.23 17.8 0.76 0.48 36.8 0.25 0.23 8 0.67 0.57 14.9

rcr* is the relative change rate of mBDI to BDI, which is calculated as follows:
∣∣mBDI−BDI

BDI

∣∣ ∗ 100%.

Table 7. Comparison between PRT and mPRT.

Time

Straight Pump-TCPC Model Curved Pump-TCPC Model

Average Value
(%) Rcr#

(%)

Maximum Value
(%) Rcr#

(%)

Average Value
(%) Rcr#

(%)

Maximum Value
(%) Rcr#

(%)
PRT mPRT PRT mPRT PRT mPRT PRT mPRT

0.2 s 0.41 0.74 80.5 1.64 2.63 60.4 0.53 1.04 96.2 1.07 2.68 150.5
0.35 s 0.34 0.75 120.6 2.20 4.04 83.6 0.42 0.80 90.5 1.25 1.78 42.4
0.6 s 0.38 0.81 113.2 1.07 5.23 388.8 0.58 1.02 75.9 1.61 2.39 48.5
0.8 s 0.52 1.01 94.2 1.24 4.15 234.7 0.77 1.41 83.1 1.45 3.94 171.7

rcr# is the relative change rate of mPRT to PRT, which is calculated as follows:
∣∣mPRT−PRT

PRT

∣∣ ∗ 100%.

To verify the feasibility of the multiphase flow simulation, we performed a steady-state
simulation of the axial blood pump. The inlet flow rate is 1.8 L/min, the outlet pressure is
40 mmHg, and the rotation speed is 4000 RPM. The normalized concentrations of blood
cells are defined as the local concentration divided by their inlet concentration (45% for
RBCs and 0.5% for WBCs).

WBCs have a higher aggregation degree than RBCs. The ranges of normalized concen-
trations of RBCs on the wall of the blades and inner wall of the housing are 99.46–100.3%
and 99.98–100.14%. The ranges of normalized concentrations of WBCs are 86.9–105.2% and
97.3–100.7%. In Figure 6a,c, blood cells are mainly concentrated on the leading edge of
blades of the inducer, diffuser and straightener. The areas with low blood cells concentra-
tion symmetrically distribute on the surface and trailing edge of the inducer blades, which
is related to the flow separation. In addition, the areas with low WBC concentration are
larger than that with low RBC concentration. These differences in normalized concentration
of RBCs and WBCs are consistent with the results in study of Ou et al. [17]. As shown
in Figure 6b,d, the areas with high RBC concentration symmetrically distribute near the
impeller blades, but the concentration of WBCs is low in these area. When the impeller is
rotating, RBCs migrate towards the inner wall of the housing under centrifugal force, while
WBCs remain on the surface of the impeller. These results further prove the feasibility of
the multiphase flow simulation.

The simulation of turbulence has always been a challenge in study of blood pump.
The accuracy of turbulence solution has a great influence on the distribution of pressure
and velocity, and then affects the evaluation of pressure rise and hemolysis risk. Large eddy
simulations can handle the anisotropic turbulent flow features present in blood flow [37].
However, it will cost extensive resources to apply large eddy simulation to the study
of blood pump. RANS-based turbulence models are frequently used in the engineering
applications because they are more economical in terms of computing resources and
time efficiency. The standard k-ε model is one of the most commonly used models, and
its reliability has been confirmed by many researchers. For example, the standard k-ε
model turbulence model has been used for several years in designing axial blood pump
prototypes in the research of Throckmorton et al. [2,38–40]. In the research of PVAD3,
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Throckmorton et al. compared the experimental data with the simulation results obtained
from multiple turbulence models (standard k-ε, k-ω, and shear stress transport) found that
the difference between the results of the standard k-εmodel and the experimental data is
the smallest [27]. This paper also proposed the equation for estimating global Re in the
study of axial blood pump:

Re =
ρωD2

µ
(20)

where ρ and µ represent the fluid density and viscosity, ω is the angular speed of the
impeller, D signifies the impeller diameter.
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According to the above equation, it can be calculated that the global Re in our research
is about 11,000, which is similar to the global Re in the research of PVAD3(104) [40].
Therefore, it is reasonable to use the standard k-εmodel in our research. Besides, Apel et al.
used the standard k-εmodel in the CFD study on microaxial blood pump, and used particle-
tracking velocimetry (PTV) for quantitative investigation. The results showed that the H-Q
curves, exit angles, and swirl in the inlet region predicted by CFD are in good agreement
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with the measured results [28]. The large eddy simulation can show finer turbulence
characteristics, however, it will cost a lot to apply the large eddy simulation to the research
of blood pumps. Drešar et al. used an advanced scale adaptive simulation (SAS-SST)
turbulence model and standard SST-kω model to conduct the numerical simulation of
HeartAssist5 blood pump, and compared simulation results with experimental results [41].
The computation time of two turbulence model was comparable, but smaller and finer
turbulent flow characteristics can be observed in results of SAS-SST model. Next, we will
compare the differences in evaluating the hemolysis risk using different turbulence models.

Hemolysis experiments were not conducted in this paper, so there is no comparison
between experimental data and evaluation results from two cell destruction models. In
addition, hemoglobin will be released into the plasma after RBCs have been damaged,
which may cause changes in plasma viscosity. This physiological phenomenon is not
reflected in the multiphase flow cell destruction model in this paper. Next, we plan to
establish a physical model of the TCPC structure of the patient, manufacture the axial blood
pump, and perform the hemolysis experiment. After obtaining experiment results, we will
compare them with the simulation results to further prove the feasibility and superiority of
the multiphase flow simulation and multiphase flow cell destruction model.

5. Conclusions

To assess the hemolysis risk more accurately, this paper proposed an advanced multi-
phase flow cell destruction model, which evaluated the hemolysis risk based on stress on
red blood cells. Single-phase flow and multiphase flow simulations were performed in the
straight and curved pump-TCPC models, respectively. It can be concluded that hemolysis
risk is lower in the straight pump-TCPC model using both cell destruction models, but
the estimation of the impact shear stress in the multiphase flow cell destruction model are
smaller. The primary reason for hemolysis is the excessive shear which damages the RBCs
and leads to release of hemoglobin. The multiphase flow cell destruction model can better
reflect the mechanism of hemolysis. Future studies will focus on hemolysis experiments,
which is an essential part to prove the reliability of multiphase flow cell destruction model.
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