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Abstract
Hemolysis is a major concern in blood-circulating devices, which arises due to non-physiological stresses on red blood 
cells from ambient flow environment or moving mechanical structures. Computational fluid dynamics (CFD) and empiri-
cal hemolysis prediction models have been increasingly used for the design and optimization of blood-circulating devices. 
The commonly used power-law models for hemolysis prediction often use Reynolds stress to represent effective stress, 
tend to over-predict hemolysis and fail to capture trends of flow-related hemolysis. This study proposed a new power-law 
formulation for the numerical hemolysis prediction. The new formulation related hemolysis to the energy dissipation rate, 
which could be readily obtained from CFD simulations. The model constants were regressed from existing hemolysis data. 
The new formulation was tested for three benchmark cases and compared to conventional power-law models. The results 
showed that the new formulation improved prediction of hemolysis for a broad range of flow regimes. The deviations of the 
predicted hemolysis from experimental results were within one order, and better correlated with experimental results. This 
study confirmed that Reynolds stress is the main cause of over-prediction of hemolysis for conventional power-law models. 
Proportionally, the blood damage predicted with Reynolds stresses is more than one order higher than viscous stress, in 
terms of energy dissipation.
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1  Introduction

In many blood-circulating devices, such as prosthetic heart 
valves, ventricular assist devices (VADs) and hemodialysis 
machines, non-physiological stresses can be up to two orders 
of magnitude than physiological stresses (Fraser et al. 2011; 
Garon and Farinas 2004). This increases the risk of blood 
damage, such as the release of hemoglobin (Hb) into plasma, 
which is called hemolysis. Computational fluid dynamics 
(CFD) has become increasingly important for the design 
and optimization of blood-circulating devices, offering the 

possibility to predict hemolysis in a purely numerical man-
ner (Fraser et al. 2011; Garon and Farinas 2004; Park et al. 
2005; Rose et al. 2001; Wu et al. 2018a).

Hemolysis estimation models can be primarily divided 
into theoretical and empirical approaches. Strain-based 
model and power-law model are two primary examples of 
these two approaches. Strain-based models (Chen and Sharp 
2011; Ezzeldin et al. 2015; Faghih and Sharp 2018; Sohrabi 
and Liu 2017; Vitale et al. 2014) account for the develop-
ment of cell membrane tension due to fluid stress, strain of 
the cell membrane to the point of failure and formation of 
pores, and transport of hemoglobin through the pores in the 
membrane, a bottom-up approach. In contrast, power-law 
models were derived from the empirical observation and 
regression of in vitro hemolysis data obtained from experi-
ments, a top-down approach. Typical hemolysis estimation 
models relate hemolysis to effective stress � and exposure 
time t  through a power-law relationship (Giersiepen et al. 
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1990; Heuser and Opitz 1980; Wu et al. 2018a; Zhang et al. 
2011)

where HI(%) is the hemolysis index in percentage, �eff is the 
effective stress and a scalar quantity, Hb is the total hemo-
globin concentration, hb represents the increase in plasma 
free hemoglobin; c , � and � are empirical constants deter-
mined by regression of hemolysis data. Power-law models 
have been the most popular estimation models to date, prob-
ably because of their ease of implementation and apparent 
broad applicability.

The flow regimes in blood-shearing devices for experi-
mental determination of hemolysis are primarily laminar 
flows. However, the blood flow in blood-circulating devices 
occurs in both the laminar and turbulent regimes. It is an 
extrapolation to apply hemolysis models which were derived 
from laminar flows to turbulent flows. Jones argued that the 
hemolysis in turbulent flows is due to instantaneous viscous 
stress; similar to the fact that hemolysis is mainly due to vis-
cous shear stress in laminar flows (Jones 1995). The strain-
based hemolysis models also rely on the flow properties 
such as instantaneous strain rates at cellular level. Accurate 
prediction of these quantities at cellular level can only be 
achieved by direct numerical simulation (DNS). For most 
practical engineering problems, the computational cost of 
DNS is prohibitive.

In contrast, as a comprise, turbulence modeling tech-
niques such as large eddy simulation (LES) (Wu et  al. 
2018b; Wu and Meyers 2013, 2011) and Reynolds-averaged 
Navier–Stokes (RANS) (Cao and Meyers 2012; Cao et al. 
2017) were introduced to reduce computational cost, allow-
ing for less stringent requirement on time and grid resolu-
tion. RANS is the most frequently used turbulence modeling 
technique in blood-circulating devices (Fraser et al. 2011). 
In RANS method, Reynolds stress is used to account for 
turbulence effects. In power-law models, effective stress �eff 
is often represented using viscous stress �vis together with 
Reynolds stress �turb , to predict hemolysis in hemodynamic 
flow fields (Arvand et al. 2005; Grigioni et al. 2005; Sega-
lova et al. 2012; Wu et al. 2009):

where � is viscosity; �
t
 is turbulent viscosity, either speci-

fied or solved, subject to a specific RANS model; S is the 
magnitude of strain rate.

However, it is not mathematically validated whether 
Reynolds stress and mean stress are the true representation 
for instantaneous viscous stress. Hund et al. (2010) showed 
that effective stress represented using Reynolds stress results 
in a systematic error. It has been shown that the Reynolds 
stress is an inaccurate indicator of turbulent effects on 

(1)HI(%) =
hb

Hb
× 100 = c��

eff
t
� ,

(2)�eff = �vis + �turb = (�
t
+ �)S,

hemolysis (Ge et al. 2008; Jones 1995; Quinlan and Dooley 
2007), and tends to over-predict the level of hemolysis. It is 
not sensitive to the microscale temporal and spatial scales 
of the blood cells suspended in turbulent flow (Quinlan and 
Dooley 2007).

One of most prominent features of turbulent flows is 
energy cascade, which refers to the transfer of energy from 
large scales of energy-containing motions to small eddies 
where viscous dissipation converts kinetic energy into heat 
by friction. In blood flows, the RBCs are subject to the 
energy cascade and dissipation processes. One of the pri-
mary goals when designing turbulence models is to ensure 
the correct dissipation rate (Pope 2000). Therefore, from 
a modeling point of view, it is more reasonable to relate 
hemolysis to dissipation than Reynolds stress, for hemolysis 
estimations in turbulent flows.

Some researchers related viscous dissipation to blood 
damage (Ge et al. 2008; Hund et al. 2010; Morshed et al. 
2014; Quinlan 2014). Wu et al. (2019) reformulated exist-
ing power-law models by representing effective stress in 
terms of energy dissipation while keeping the constants 
unchanged. Their results showed that the representation 
of effective stress in terms of energy dissipation improved 
the over-prediction of hemolysis for a wide range of flow 
conditions. However, the trends of flow-related hemolysis 
remained unchanged, and differed notably from the meas-
ured hemolysis. Based on previous hemolysis data from a 
capillary tube, Wu et al. (2019) found that the relationship 
between overall energy dissipation and hemolysis is repre-
sented by a single monotonic curve, regardless of laminar or 
turbulent flow regimes. Moreover, hemolysis is proportional 
to the overall energy dissipation to the power of 2.27; in 
contrast, this value is around 1 for mainstream power-law 
models.

This work proposes a new power-law formulation for esti-
mating hemolysis, which relates hemolysis to energy dissi-
pation. The set of empirical constants were regressed from 
existing experimental hemolysis data. The new formulation 
was tested over three benchmark cases with a wide range of 
flow conditions. The new model improved the prediction of 
hemolysis in terms of both absolute values and trends.

2 � Methods

First, hemolysis rate h̄ is introduced and given by

which represents the degree of hemolysis per unit time. 
Energy dissipation converts mechanical energy into heat 
by friction; energy dissipation rate � is normally used to 

(3)h̄ =
HI(%)

t
,
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describe the power loss per unit volume and unit time. 
Assuming a power-law relationship between h̄ and �:

where C and �′ are to be determined from regression of 
hemolysis data. The hemolysis data should cover a broad 
range of loading conditions, and the flow field in the shear-
ing device should be as uniform as possible.

The hemolysis data of Boehning et al. (2014) were chosen 
for regression. Figure 1a shows the schematic of their shear-
ing device (referred to as Aachen shearing device hereafter). 
Wu et al. (2018a) showed the entrance effects are limited 
to less than 1% of the axial length of the gap. Secondary 
damage effects due to sealing have been a major concern for 
blood-shearing devices (Giersiepen et al. 1990, Heuser and 
Opitz 1980). A sealing fluid (NaCl solution) was used for 
Aachen shearing device to prevent the sheared blood from 
contact with air and the bearings, and minimize secondary 
damage effects. Rotational speed � can be adjusted up to 
3818 rpm to cover shear stresses ranging from 24 to 842 Pa. 
Measured hemolysis indices are shown in Fig. 1b.

Energy dissipation rate � in a Couette-type shear device 
is given by

where � represents the shear stress in the gap, � is the blood 
viscosity (5 mPa s, as reported in Boehning et al. 2014), v 
represents velocity, U is the circumferential velocity of the 
rotor, h is the width of the gap (50 microns). The resulting 
sets of h̄ and � are shown in Table 1. Based on these data, the 
new empirical correlation was obtained, with an R-square 
value of 0.91:

(4)h̄ = C𝜀𝛼
�

,

(5)� = � ∶ ∇v = �(U∕h) ⋅ (U∕h) = �(U∕h)2,

(6)h̄ =
[

a ⋅
(

𝜀 × 10−7
)2

+ b ⋅ 𝜀 × 10−7
]/[

(

𝜀 × 10−7
)2

+ c ⋅ 𝜀 × 10−7 + d

]

,

where  t he  cons t an t s  we re  de t e r mined  a s : 
a = −1, b = 15.88, c = −36.44, d = 326.7 .  Then the 
energy-dissipation-based power-law formulation for hemoly-
sis is given by

This new formulation is referred to as “EDB model.” For tur-
bulent flows, � is the sum of viscous dissipation rate �vis and 
viscous dissipation rate �vis . The overall dissipation due to 
viscous and turbulent effects, Evis and Eturb , can be obtained 
by volume integral of �vis and �turb:

where V  represents a specific domain. Evis and Eturb have a 
unit of W .

(7)HI(%) = h̄ ⋅ t.

(8)Evis = ∫
V

�vis, Eturb = ∫
V

�urb

Fig. 1   a Cross section of the Aachen shearing device; (b) HI (%) for varying shear stresses at low (54 ms) and high (873 ms) exposure times 
(Boehning et al. 2014)

Table 1   Energy dissipation rates versus hemolysis rates for Aachen 
shearing device

� (Pa) � (W/m3) t  (ms) h̄

24 1.157 × 105 54 0.063
873 0.032

592 7.006 × 107 54 0.331
873 0.968

702 9.852 × 107 54 0.496
873 1.837

842 1.417 × 108 54 3.172
873 4.089
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2.1 � Test cases and computational setup

Three benchmark cases previously employed for the study 
of hemolysis in transitional and turbulent flows were inves-
tigated. The computational setup of the CFD calculations 
has been verified by Wu et al. (2019), in which similar 
conditions of the same three cases were tested. The CFD 
results were validated against experimental results, and a 
mesh sensitivity analysis with regard to pressure difference 
and hemolysis was conducted. Therefore, the same compu-
tational setup and grids as in Wu et al. (2019) were used. All 
simulations were conducted using ANSYS Fluent (Ansys, 
Inc., Canonsburg, PA, USA), and Reynolds stress �

t
 was 

modeled using RNG k-ε model for all cases. Blood was 
regarded as a Newtonian fluid.

2.1.1 � Capillary tube

The first benchmark considered a capillary tube, used by 
Kameneva et al. (2004), which was fitted with conical con-
nectors of length 0.008 m on both ends to let the flow fully 
develop at the entrance and exit. The diameter of the capil-
lary tube was 1 mm with a length of 70 mm (cf. Figure 2). 
Washed bovine red cells in PBS at a 24% hematocrit circu-
lated through the capillary in a closed loop for 90 min. RBC 
suspensions in saline with viscosity of 2.0 mPa s were used 

Fig. 2   a Schematic and mesh of the capillary tube (entrance); b sche-
matic of the FDA nozzle model (conical diffuser) and its mesh; c–e 
schematic of the FDA blood pump. Details of the surface mesh at 

impeller region (g), the interface of pump casing and discharge (h) 
and the blade trailing edge (i)
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to study transitional and turbulent flows over flow rates rang-
ing from 0.21 to 0.48 L/min.

Table 2 lists the cases which were investigated in this 
study, covering Reynolds number from 300 to 5100. The 
computational mesh was block structured (cf. Fig. 1b) with 
nearly 4 million elements. The Reynolds number at the 
inlet, Red , was well below 2000 for all the cases, therefore 
parabolic velocity profiles were imposed at the inlet. Four 
laminar conditions were also considered, with RNG k − ε 
turbulence model applied. Generally speaking, it is inappro-
priate to apply turbulence modes to laminar flow. Nonethe-
less, since the flow regimes in blood-circulating devices are 
mostly low-Reynolds-number and transitional flows (Fraser 
et al. 2011), turbulence models are often applied through-
out the whole computational domain, including laminar and 
transitional flow regions. It is worthwhile to evaluate the 
accuracy of hemolysis predictions for these flow regimes 
when turbulence model is applied. Blood viscosity was taken 
as 6.3 mPa s for laminar flow conditions, and 2 mPa s for 
turbulent flow conditions, following Kameneva et al. (2004).

2.1.2 � The FDA nozzle model

The second device was the benchmark nozzle model of 
FDA, which was designed to assess the quality of CFD and 
hemolysis estimation in device modeling. The nozzle model 
can be alternated to change the flow direction, referred to as 
“sudden expansion model” and “conical diffuser model,” 
respectively. Hemolysis (Herbertson et al. 2015) and PIV 
measurements (Hariharan et al. 2011) of velocity and pres-
sure were acquired for both models. Figure 2 shows the sche-
matic of the “conical diffuser model,” which features sudden 
contraction and a conical diffuser. Hemolysis was measured 
using bovine blood. Hematocrit was around 36%. The “coni-
cal diffuser model” generated significantly more hemolysis 
than the “sudden expansion model,” and is investigated in 
this study.

For the FDA nozzle model, two conditions of the “conical 
diffuser model” were considered, and are listed in Table 3. 
The structured mesh contains a total of around 3.4 million 
cells (cf. Fig. 2b).

2.1.3 � The FDA blood pump

The third test case is the FDA blood pump (cf. Fig. 2c), 
which was designed to access the accuracy and credibility 
of CFD in the prediction of flow field and hemolysis for 
blood pumps. The FDA blood pump has simple geometrical 
features, with an acrylic rotor (5.2 cm in diameter) having 
four filleted blades (3 mm tall and 3 mm wide) orthogonally 
positioned on a 4-mm-thick rotor base, and attached to a 
stainless steel shaft (3.2 mm in diameter) (Malinauskas et al. 
2017). Both PIV and hemolysis tests were carried out for six 
operating conditions, with flow rates ranging from 2 to 7 L/
min and rotational speeds ranging from 2500 to 3500 rpm. 
Porcine blood was used in hemolysis measurements with 
16 replicates for each operating condition. The hematocrit 
was adjusted to 36%, and viscosity was 3.4 mPa s. Each 
hemolysis test was run for a total of 120 min, and samples 
were drawn every 40 min.

For this study, three operating conditions were consid-
ered for the FDA blood pump (Table 4). For the CFD setup, 
the pump was cut by a cylindrical surface, which acts as an 
interface between the rotating mesh of the impeller region 
and the stationary mesh of the rest. A hybrid mesh with 7 
million elements was employed (cf. Fig. 2f–h). The grid in 
the impeller region was structured and hexahedral, while the 
rest of the domain was meshed using tetrahedral elements 
with prism layers. The tip and hub clearances were meshed 
using 20 layers. The “sliding mesh” approach was used to 
couple the rotational and stationary frames. The measured 
velocity profiles were applied at the inlet. Blood viscosity 

Table 2   Overview of conditions studied for capillary tube

Re
d
 , the Reynolds number based on the average velocity and the 

diameter of the tube throat

Flow rate 
(L/min)

� (mPa s) Re
d

Flow regime Measured HI(%)

0.09 6.3 300 Laminar 7.29 × 10−4

0.16 6.3 550 Laminar 8.07 × 10−4

0.23 6.3 800 Laminar 1.41 × 10−3

0.29 6.3 1000 Laminar 2.56 × 10−3

0.21 2.0 2230 Turbulent 8.34 × 10−4

0.33 2.0 3500 Turbulent 9.39 × 10−4

0.42 2.0 4500 Turbulent 3.79 × 10−3

0.48 2.0 5100 Turbulent 8.50 × 10−3

Table 3   Overview of conditions studied for FDA benchmark nozzle 
model

Re
d
 , the Reynolds number based on the average velocity and dimen-

sions of the throat

Flow rate (L/
min)

Re
d

� (mPa s) Measured HI(%)

5 6650 4.21 2.92 × 10−5

6 8020 4.21 1.239 × 10−4

Table 4   Overview of conditions studied for the FDA blood pump

Flow rate (L/min) Pump speed(rpm) Measured HI(%)

6 2500 7.93 × 10−5

6 3500 7.82 × 10−5

7 3500 2.44 × 10−4
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was set to 3.4 mPa s. Each rotor rotation was resolved using 
240 time steps. Maximum 25 sub-iterations were used for 
each physical time step, and convergence criteria were set 
that the residuals of the all equations drop 3 magnitudes, 
generally from 10−3 to 10−6.

2.2 � Hemolysis predictions

Hemolysis was calculated using an Eulerian scalar transport 
approach. Here, hb′ was introduced as a scalar variable equal 
to hb1∕� . Then the power-law model, given by Eq. 1, can 

be reorganized into a scalar transport equation (Garon and 
Farinas, 2004)

where C is the source term defined as either (for conven-
tional power-law models)

or (for EDB model)

Total dissipation rate � was taken as the sum of viscous 
and turbulent dissipation, �vis and �turb , both of which were 
obtained through UDF (user defined function) of ANSYS 
Fluent. The HI(%) was then calculated from the mass-
weighted average of hb at the outlet of the device divided 
by Hb.

The source term C is contributed by both viscous and 
turbulent terms ( �vis and �turb for conventional hemolysis 

(9)
d
(

hb
�)

dt
+ v� ⋅ ∇

(

hb
�)

= C,

(10)C = �
(

Hb ⋅ c ⋅ ��
eff

)1∕�
,

(11)C = � ⋅ Hb ⋅ 1.467 × 10−2 ⋅
(

� × 10−7
)2.12

.

Table 5   Constants of three commonly used power-law models

GW, model of Giersiepen et  al. (1990). TZ, model of Zhang et  al. 
(2011). HO, model of Heuser and Opitz (1980), constants by Song 
et al. (2003)

Model c � �

GW 3.620 × 10−5 2.4160 0.7850

HO 1.800 × 10−4 1.9910 0.7650

TZ 1.228 × 10−5 1.9918 0.6606

Fig. 3   Predicted HI(%) of the 
capillary tube using the EDB, 
GW, TZ and HO models (with 
either �

vis
 or � as effective 

stress), in comparison with 
measurements, for: a laminar 
conditions; b turbulent condi-
tions
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models, cf. Eq. 2; �vis and �turb for the EDB model). To study 
the relative importance of viscous and turbulent terms to 
hemolysis, Cvis and Cturb were introduced to represent the 
effective source terms of hemolysis due to viscous and tur-
bulent effects, respectively, while HIvis and HIturb were intro-
duced to represent the individual contributions of Cvis and 
Cturb to hemolysis.

As aforementioned, the representation of effective stress 
as the sum of Reynolds stress and viscous stress (cf. Eq. 2) 
has been found to overestimat hemolysis; another common 
practice is to leave out the term of Reynolds stress and just 
keep the viscous stress �vis , with the corresponding hemoly-
sis being HIvis.

The EDB model, together with three conventional hemol-
ysis models (with either �vis or � as effective stress) listed in 
Table 5, was investigated. For the capillary tube, eight condi-
tions were studied, leading to 56 cases. Hemolysis estima-
tions were limited to the flow rates of 5 L/min and 6 L/min 
for the FDA benchmark nozzle, thus 14 cases were studied. 
As for the FDA blood pump, hemolysis calculations were 
carried out for all the operating conditions listed in Table 4, 
resulting in 21 cases.

3 � Results

3.1 � Capillary tube

Figure 3 shows the predicted hemolysis in the capillary tube 
using the GW, TZ, HO and EDB models, respectively. Over-
all, the results of the EDB model were in much better agree-
ment with the measurements. The trend of the hemolysis 
predicted using the EDB model was in much better agree-
ment with the measurements. The exception was found at the 
Re = 300 and 2230, for which the measured hemolysis was 
almost the same as Re = 550 and 3500, respectively, deviat-
ing from the trend from Re = 550–1000 and 3500 – 5100. 
The reason was unclear, possibly due to experimental 
uncertainties. Conventional GW, TZ and HO models over-
predicted hemolysis, for both �vis and � as effective stress. 
The slopes of the three conventional power-law models were 
significantly lower than the measurements. It is also worth 
to note that the HIvis was closer to the experimental results 
and more than one order lower than the HI for all the models.

Figure  4a shows the predicted Eturb along with Evis . 
Though Eturb is below the Evis for all the investigated Reyn-
olds numbers, Eturb∕Evis steadily rises from 0.5 to nearly 
0.75, which shows increasing turbulent intensities over 
Reynolds number.

Figure 4b shows the HIturb and HIvis versus Reynolds num-
ber. For all the models, the ratio HIturb∕HIvis increases with 
Reynolds number. While Evis and Eturb are comparable, HIturb 
is approximately one order higher than HIvis for the GW, TZ 

and HO models, even for the Reynolds number of 2230, for 
which laminar and transitional flow regimes are supposed 
to be dominant. For these models, HIturb∕HIvis is dispropor-
tional compared with Eturb∕Evis . For the EDB model, the 
ratio HIturb∕HIvis is below unity, and close to the value of 
Eturb∕Ediss , indicating that viscous effects are more important 
than turbulence effects.

Figure 5 shows the distribution of effective sources terms 
Cvis and Cturb with Reynolds number of 4500 for the EDB and 
HO models. While the levels of Cvis are actually comparable 
for the two models, Cturb with HO model is disproportional 
compared with the level of turbulent dissipation Eturb , and 
much higher than that of EDB model, mostly occurring in 
central part of the diffuser, where the unsteadiness is high 
but turbulent dissipation is not necessarily high.

3.2 � FDA nozzle model

Figure 6 shows the predicted hemolysis of the FDA nozzle 
model. While all the models overestimated the hemolysis, 
the results computed by the EDB model are closest to the 
experimental results. For the conventional models, though 
the values of HIvis were much higher than the experimental 
results, they were around two orders lower than the HI.

Table 6 shows the predicted Eturb∕Ediss and HIturb∕HIvis 
values for the EDB and HO models. The ratio Eturb∕Ediss 

Fig. 4   a Overall viscous and turbulent dissipation, E
vis

 and E
turb

 , the 
capillary tube; b the ratio of contributions of viscous and turbulent 
terms, to hemolysis, in comparison with E

turb
∕E

vis
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increases from 5.41 to 6.15 as flow rate increases, indicat-
ing increasing turbulent intensity. However, concerning the 
ratio HIturb∕HIvis , the contribution of turbulent and viscous 
effects to hemolysis for the HO model is of order 102. There-
fore, turbulent effects were associated with 20 times more 
blood damage than viscous effects. In contrast, HIturb∕HIvis 
for the EDB model is at the same order as Eturb∕Ediss . This 
can explain the over-predictions of the conventional power-
law models.

3.3 � FDA blood pump

The results of hemolysis prediction are shown in Fig. 7. Sim-
ilar to the two previous test cases, the results from the EDB 
are in much better agreements with the measurements; the 
over-prediction of the conventional power-law model was 
improved. The EDB model captured the trend of hemoly-
sis for the conditions of 6 L/min, 3500 rpm and 7 L/min, 

3500 rpm, though the hemolysis at 6 L/min, 2500 rpm is 
under-predicted. While the HIvis was more than one order 
lower than the HI for all the conventional models, the values 
of HIvis at 7 L/min, 3500 rpm were even lower than 6 L/min, 
2500 rpm, thus failed to capture the trend of hemolysis.

Figure 8 shows the distribution of effective sources terms 
Cvis and Cturb for 6 L/min, 3500 rpm. Overall, Cturb, HO(source 
term of hemolysis associated with Reynolds stress for the 
HO model) was around 4 orders higher than Cvis, HO , while 
Cturb, EDB (source term of hemolysis associated with turbulent 
dissipation for the EDB model) was around 1 order higher 
than Cvis, HO . The region “Outlet” is actually a diffuser, where 
flow is highly transient and Reynolds stress is very high, arti-
ficially increases the source term of hemolysis. Similar phe-
nomena can also be observed near the blades (cf. Fig. 8b).

Fig. 5   Distribution of effective source terms for Re = 4500 in Kameneva’s capillary tube, a C
vis

 with the EDB model, b C
turb

 with the EDB 
model, c C

vis
 with the HO model and d C

turb
 with the HO model
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4 � Discussion

Compared with conventional power-law models, the energy 
dissipation power-law formulation improved the prediction 
of hemolysis for a wide range of flow regimes. The over-
prediction of hemolysis was improved, and the differences 

from experimental results were within one order for most 
cases (cf., Figs. 3, 6 and 7). Table 7 shows the correlation 
coefficients of predicted hemolysis and experimental results 
for the capillary tube and FDA blood pump. The results of 
the EDB model had the best correlation with the experimen-
tal results for the tube, while their correlation with experi-
mental results for the FDA pump sits in between those of the 
conventional models and HIvis (results with the representa-
tion of effective stress in terms of viscous stress only). This 
is due to the over-prediction of hemolysis at condition 6 L/
min, 3500 rpm for the EDB model. One should note an accu-
rate representation of the flow field is the precondition for 
the prediction of hemolysis. As shown in Wu et al. (2019), 
for the off-design points of the FDA pump, the pressure 
head and flow field were not well captured using the RANS 
method. Therefore, in addition to the hemolysis model itself, 
the over-prediction of hemolysis might also be induced by 
inaccurate flow fields. Most notably, although the values of 
HIvis are closer to the experimental results, their correlation 
with the experimental results is the worst, especially for the 
FDA blood pump. 

Reynolds stresses were the main cause of over-predictions 
of hemolysis for conventional power-law models. Propor-
tionally, blood damage predicted with Reynolds stresses was 
around 10–20 times more than viscous stress, in terms of 
energy dissipation. In regions such as a straight outlet tube 
and diffuser, where the blood damage is supposed to be low, 
the hemolysis predicted with conventional power-law mod-
els is comparable with that in regions such as narrow tube 
and regions containing highly spinning rotor. The velocity 
fluctuations in these regions are high (which means Reyn-
olds stresses will be high as well), but energy dissipation is 
low. Therefore, using Reynolds stress to account for hemoly-
sis leads to overestimation of hemolysis in these regions.

Fig. 6   Predicted hemolysis of the FDA nozzle diffuser using EDB, 
GW, TZ and HO models

Table 6   Predicted energy dissipation and hemolysis in the FDA noz-
zle model

(

HI
turb

∕HI
vis

)

HO
 and 

(

HI
turb

∕HI
vis

)

EDB
 , the ratio of contributions of 

viscous and turbulent dissipation to hemolysis, for HO model and 
EDB model, respectively

Condition E
turb

∕E
vis

(

HI
turb

∕HI
vis

)

HO

(

HI
turb

∕HI
vis

)

EDB

5 (L/min) 5.41 91.4 1.90
6 (L/min) 6.15 112.7 2.26

Fig. 7   Predicted hemolysis 
of the FDA blood pump in 
comparison with measurements, 
using EDB, GW, TZ and HO 
models
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Fig. 8   Distribution of effective source terms for 6 L/min, 3500 rpm of the FDA blood pump at plane XY (cf. Fig. 2d) a C
vis

 with the HO model, 
and b C

turb
 with the HO model, c C

vis
 with the EDB model, d C

turb
 with the EDB model

Table 7   Correlation coefficients 
of predicted hemolysis and 
experimental results, for the 
capillary tube and FDA blood 
pump

Case GW TZ HO GW, HIvis TZ, HIvis HO, HIvis EDB

Tube (laminar) 0.9909 0.9805 0.9761 0.9648 0.9448 0.9404 0.9914
Tube (turbulent) 0.9460 0.9285 0.9275 0.9277 0.9066 0.9007 0.9785
Pump 0.9102 0.9116 0.9402 0.5492 0.5440 0.4868 0.7786
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5 � Limitation

In this study, an energy-dissipation-based model of hemoly-
sis prediction was proposed. It was built with limited hemol-
ysis data and is still a preliminary model. The coefficients 
were regressed from existing hemolysis data of only two 
exposure times. Hemolysis was assumed to vary linearly 
with exposure time. However, as previous studies indicated, 
the power of exposure time in hemolysis relationships is 
normally below one. Although the hemolysis data covered 
a broad range of stresses (24–842 Pa), the number of data 
points was not sufficient, especially the data in the range 
of (24–592 Pa) have to be included for hemolysis relation-
ship with low stress or energy dissipation. More data will be 
needed to cover a broad range of stress and exposure time. 
Moreover, the hemolysis data which were used to build the 
EDB model show large stand deviations. More measure-
ment replicates will be helpful to reduce the standard vari-
ation. The EDB model did not account for the influence of 
blood species. Blood from different species has been shown 
to have different hemolytic responses (Ding, et al. 2015). 
For the future investigations, the influence of blood species 
should be incorporated. Nonetheless, this work represents 
the first attempt to build an energy-dissipation model based 
on existing experimental hemolysis data. The energy-dissi-
pation-based model remarkably improved the prediction of 
hemolysis, in terms of both absolute values and correlation 
coefficients. Hopefully, this work will serve as a modest spur 
to induce more valuable contributions.

As aforementioned, RANS turbulence prediction method 
was used in this study, which often fails to capture complex 
transitional and turbulent flows. This brings errors to the 
prediction of hemolysis. Therefore, the influence of predic-
tion of flow field on the accuracy of hemolysis predictions 
should be explored, and more advance turbulence modeling 
method should be employed in the future.

6 � Conclusion

This study proposed an energy-dissipation-based formula-
tion for estimating hemolysis based on published experi-
mental hemolysis data. Hemolysis was related to the energy 
dissipation rate, which can be obtained from CFD simula-
tions. The new formulation was tested for three benchmark 
cases, together with three conventional power-law models. 
The results showed that the EDB model improved the pre-
diction of the hemolysis, for a broad range of flow regimes. 
The over-prediction was improved, and the deviations from 
experimental results were within one order for almost all 
cases. The results of the EDB model are also better corre-
lated with experimental results in general.

This study found Reynolds stress is the main cause of 
over-prediction of hemolysis for conventional power-law 
models. Proportionally, the blood damage predicted with 
Reynolds stresses is around 10–20 times higher than vis-
cous stress, in terms of energy dissipation. In certain regions 
where unsteadiness is high (Reynolds stresses will be high as 
well), while energy dissipation is low, Reynolds stress was 
the primary cause of hemolysis and the differences between 
the EDB model and conventional power-law models are even 
more pronounced.

This study also investigated the representation of effective 
stress using viscous stress only. Though the over-prediction 
of hemolysis was improved compared with the inclusion of 
Reynolds stress in the effective stress, the average corre-
lation coefficient of predicted hemolysis and experimental 
results is merely 0.7192.
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